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EDITOR’S PREFACE. 


"IITOST of the Mlu-wnig pages were written by the late Pro- 
fessor Cleik Maxwell, about seven yeans ago, and some oi‘ 
them were used by him as the text of a portion of his lectures 
on Electricity at the Cavendish Laboratory. Very little ap- 
pears to have been added to the MS during the last thiee 
01 foui yeais of Piofcssoi Maxwell’s hfe, with the exception 
of a few fragmentary portions in the latter part of tlio work 
Tins was partly due to the very great amount of time and 
thought which he expoiulod upon editing the Cavendish jiapers. 
noaily all of which were copied by his own hand, while the 
expeiimental investigations which he undertook in ordei to 
corroborate Cavendish’s lesults, and the enquiries ho made 
for the purpose of clcai'ing up every obsciuo allusion in 
Cavendish’s M 8 , invohed an amount of laboui which left 
him very little leisure for othei woik 

When the MS came into the hands of the piesent Editoi, 
the fiint eight chapters appeared to have been fuiished and 
were carefully indexed and die Articles numbered. Chapteis 
IX and X were also provided with tables of contents, but the 
Articles were not numbered, and several references, Tables, etc , 
were omitted as well as a few sentences in the text. At the 
end of the table of contents of Chapter X three points to be 
treated were mentioned, viz. — ^the Passage of Electricity at the 
surfaces of insulators ; Conditions of spark, etc. ; Electrification 
by pressure, friction, rupture, etc. no Articles corresponding 
to these headings could be found m the text Some portions 
of Chapters IX and X formed separate bundles of MS., and 
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there was no indication of the place which they were intended 
to fill. This was the case with Arts. 174-181 and 187-192 
Arts 194-19G and 200 also formed a separate MS. with no 
talile of contents and no indication of their intended position. 

It was for some time under consideration by the friends of 
IVofessoi Maxwell, whether the MS should be published in 
its fi-agmentary form or whether it should be completed by 
anotlicr hand, so as to carry out as far as possible the author's 
original design, but before any decision had been arrived at 
it was suggested that the book might be made to serve the 
purposes of students by a selection of Articles from Professor 
Maxwell’s Elect unty and Moffuelinm, so as to make it in a 
sense complete for the portion of the subject covered by the 
first volume of the last-mentioned work. In accordance with 
this suggestion, a number of Articles have been selected fiom 
the larger book and lepiinted ’fhose are indicated by a * 
after the number of the Article Arts 93 98 and 141 are 
identical with Arts. 118-123 and 68 of the largei treatise, but 
these have been rcpiinted in accordance with directions con- 
tained in Professor Maxwell's MS 

In the arrangement of the Articles selected fioin the JJec- 
liiciljj and Mnyiniiaiii care has been takim to interfeie as 
little as possilile witli the continuity of the MS of the piesent 
work, and in some cases logical older has been saeiifiLed to 
this object, so that some subjects which me treated biiufly in 
the earlier portions are leintroduced in the lattei jiart of the 
book In Chapter XII some articles are introduced from the 
larger treatise winch may apiKiar somewhat mconsistont with 
the plan of this book , tins has been for the sake of the prac- 
tical value of the results arrived at The latter part of the 
note on pages 1 49 and 1 50 may be taken as Professor Maxwell's 
own comment on the method proposed in Art 186, written a few 
years subsequently to that Article. 

All references, for the accuracy of which Professor Maxwell 
18 not responsible, and aU Tables, notes, or interpolations in- 
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Berted by the Editor, are enclosed in square brackets. This 
system has not been earned out in the table of contents, but 
the portion of this contained in Professor Maxwell’s MS is 
stated above 

Of the Author’s Preface the portion here given is all that 
has been found 

W G 

C'amrbidge 

Aiujunt, 1 H 81 . 


niEl'AOE TO THE SECOND EDITION. 

it became nccessaiy to leprint this woik, it appealed 
to some (lesiial)lc that ccitain changes should be made, 
and especially that the articles taken from the larger work oi 
Professoi Cleik Maxwell should be omitted When the first 
edition was jmljlished, veiy few books on electrical mcasuieinents 
wcie available to the studmit , but since that time, the hteratuie 
of the subject h,ia de\elo{)cd enoiiiiouslj , and them is no longei 
the same u-asoii for extending this book bejoiid tlic limits of 
the Authoi s MS In addition to this some of the Articles taken 
fiom the laigei hook assume a knowledge on the pait of the 
student which is not to he obtained lioiii the chapteis of this 
work On careful consideration it was however, thought best 
that no cliangc should be made, and, except foi a few slight coi - 
icctious, the present edition is .simply a rcjiiint oi the foiiuei 

w a 
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FEAGMENT OF AUTHOE’S PEEFACE. 


T he aim of the following treatise w different from that of my 
larger treatise on electricity and magnetism. In the larger 
treatise the reader is supposed to be familiar with the higher 
mathematical methods which arc not used in this book, and his 
studies arc so directed as to giTe him the power of dealing 
mathematically with the various phenomena of the science. In 
this smaller book I have endeavomed to present, in as compact 
a fonii as I can, those phenomena which appear to throw hght 
on the theory of electricity, and to use them, each in its place, 
fur the development of electrical ideas in the mind of the reader. 

In the larger treatise I sometimes made use of methods which 
I do not think the best in themselves, but without which the 
student cannot follow the investigations of the founders of the 
Mathematical Theory of Electricity. I have since become more 
convinced of the superiority of methods akin to those of Faraday, 
and have therefore adopted them from the first. 

In the first two chapters experiments are described which 
demonstrate the principal facts relating to electric charge con- 
sidered as a quantity capable of being measured. 

The third chapter, ‘on electric work and energy,’ consists of 
deductions &om these facts. To those who have some acquain- 
tance with the elementary parts of mathematics, this chapter 
may be useful as tending to make their knowledge more precise 
Those who are not so prepared may omit this chapter in their 
first reading of the book. 

The fourth chapter describes the electric field, or the region in 
which electiic phenomena are exhibited. 
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CHAPTER 1. 

Experiment I. 

Eledrtfcafion hy Fnction. 

1.] Take a stick of scaling'- wax, rub it on woollen cloth or 
flannel, and then bring it near to some shreds of paper strewed on 
the table. The shreds of paper will move, the lighter ones will 
raise themselves on one end, and some of them will leap up to the 
sealing-wax. Those which leap up to the seahng-wax sometimes 
stick to it for awhile, and then fly away from it suddenly. It 
appears therefore that in the space between the sealing-wax and 
the table is a region in which small bodies, such as shreds of paper, 
arc acted on by certain forces which cause them to assume par- 
ticular positions and to move sometimes from the table to the 
sealing-wax, and sometimes from the sealing-wax to the table. 

These phenomena, with others related to them, are called electric 
phenomena, the bodies between which the forces are manifested are 
said to be electrified, and the region in which the phenomena take 
place IS called the electric field. 

Other substances may be used instead of the seahng-wax. A 
piece of ebonite, gutta-percha, resin oi shellac will do as well, and 
so will amber, the substance in which these phenomena were first 
noticed, and from the Greek name of which the word elecfric is 
derived. 

The substance on which these bodies arc rubbod may also be 
varied, and it is found that the fur of a cat’s skin excites them 
better than flannel 

It is found that in this experiment only those parts of the 
sur&ce of the sealing-wax which were rubbed exhibit these phe- 

B 
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nomena, and that some parts of the robbed surface are apparently 
more active than others. In &ct, the distribution of the electn- 
fication over the surface depends on the previous history of the 
sealing-wax, and this in a manner so complicated that it would be 
very difficult to investigate it. Ihere are other bodies, however, 
which may be electrified, and over which the electrification is 
always distributed in a defiiute manner. We prefer, therefore, in 
our experiments, to make use of such bodies. 

The fact that certain bodies after being rubbed appear to attract 
other bodies was known to the ancients. In modem times many 
other phenomena have been observed, which have been found to be 
related to these phenomena of attraction. They have been classed 
under the name of electric phenomena, amber, ijktKTpov, having 
been the substance m which they were first described 

Other bodies, particularly the loadstone and pieces of iron and 
steel which have been subjected to certain processes, have also been 
long known to exhibit phenomena of action at a distance. These 
phenomena, with others related to them, were found to differ from 
the electric phenomena, and have been classed under the name of 
magnetic phenomena, the loadstone, fiayvrjs, being found in 
Magnesia*. 

These two classes of phenomena have since been found to be 
related to each other, and the relations between the various pheno- 
mena of both classes, so far as they are known, constitute the 
science of Electromagnetism. 

Exfeuiment II. 
miectrificaiioH a Conductor. 

2.] Take a metal plate of any kind (a tea-tray, turned upside 
down, IS convenient for this purpose) and support it on three dry 
wine glasses. Now place on the table a plate of ebonite, a sheet 
of thin gutta-percha, or a well-dned sheet of brown paper. Eub it 
lightly with fur or flannel, hit it up from the table by its edges 
and place it on the inverted tea-tray, taking care not to touch the 
tray with your fingers. 

* The name of Megneeia has been raven to two districts, one in Lydia, the other in 
Thessaly. Both seem to have been omebrated for their mineral pindects, and several 
sabstanoes have been known by the name of magnesia besides that which modem 
chemists know by that name. The loadstone, the tonohstone, and meerechaum, 
seem however to have been the principal substancee whioh were called Magnesian 
and magnetic, and these are generally undsntood to be Lydian stones. 
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It 'will be found tbat the tray is now electrified. Shreds of 
paper or gold-leaf placed below it will fly up to it, and if the 
knuckle is brought near the edge of the tray a spark will pass 
between the tray and the knuckle, a peculiar sensation will be felt, 
and the tray will no longer exhibit electrical phenomena. It is 
then said to be ditaharged. If a metal rod, held in the hand, be 
brought near the tray the phenomena will be nearly the same. 
The spark will be seen and the tray will be discharged, but the 
sensation will be slightly different. 

If, however, instead of a metal rod or 'wire, a glass rod, or stick 
of sealing-wax, or a piece of gutta-percha, be held in the hand and 
brought up to the tray there will be no spark, no sensation, and 
no discharge The discharge, therefore, takes place through metals 
and through the human body, but not through glass, sealing-wax, 
or gutta-percha. Bodies may therefore be divided into two 
classes . conductors, or those which transmit the discharge, and 
non-conductors, through which the discharge does not take place. 

In electrical experiments, those conductors, the charge of which 
we wish to maintain constant, must be supported by non-conductmg 
materials. In the present experiment the tray was supported on 
wine glasses in order to prevent it from becoming discharged. 
Pillars of glass, ebonite, or gutta-i)ercha may be used as supports, 
or the conductor may be suspended by a white silk thread. Solid 
non-conductors, when employed for this purpose, are called ttitu- 
lator*. Copper wires are sometimes lapped with silk, and some- 
tipies enclosed in a sheath of gutta-percha, in order to prevent 
them fiom being in electnc communication with other bodies 
They are then said to be insulated. 

The metals are good conductors ; air, glass, resins, gutta-perclia, 
caoutchouc, ebonite, paraffin, &c, ai’e good insulators; but, as we 
shall find afterwards, all substances resist the passage of electricity, 
and all substances allow it to jmss though in exceedingly different 
degrees. For 'the present we shall consider only two classes of 
bodies, good conductors, and good msulators. 

Exfeiuuext III. 

Positive and Negative Mectrificatwn, 

3.] Take another tray and insulate it as before, then after 
discharging the first tray remove the electrified sheet from it and 
place it on the second tray. It -will be found that both trays are 
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now electrified. If a email ball of elder pith enepended bj a white 
silk thread* be made to tonoh the first tray, it will be immediately 
repelled from it but attracted towards the second. If it is now 
allowed to touch the second tray it will be repelled from it but 
attracted towards the first. The electrifications of the two trays 
are therefore of opposite kinds, since each attracts what the other 
repels. If a metal wire, attached to an ebonite rod, be made to 
touch both trays at once, both trays will be completely discharged. 
If two pith balls be used, then if both have been made to touch 
the same tray and then hung up near each other they are found 
to repel each other, but if they have been made to touch different 
trays they attract each other. Hence bodies when electrified in 
the same way are repelled from each other, but when they are 
electrified in opposite ways they are attracted to each other. 

If we distinguish one kind of electrification by calling it potdive, 
we must call the other kind of electnfication negative We have 
no physical reason for assigning the name of positive to one kind 
of electrification rather than to the other. All scientific men, 
however, are in the habit of calling that kind of electrification 
positive which the surface of polished glass exhibits after having 
^been rubbed with zinc amalgam spread on leather. This is a 
matter of mere convention, but the convention is a useful one, 
provided we remember that it is a convention as arbitraiy as 
that adopted in the diagrams of analytical geometry of calling 
horizontal distances positive or negative according as they ore 
measured towards the nght or towards the left of the point of 
reference. 

In our experiment with a sheet of gutta-percha excited by 
flannel, the electnfication of the sheet and of the tray on which 
it IS placed is negative , that of the flannel and of the tray from 
which the gatta-x>ercha has been removed is positive. 

In whatever way electrification is produced it is one or other of 
these two kinds. 


ExPBBIlttENT IV. 

T^e £tecfroj>/ic>ru» tf Volta. 

4.] This instrument is very convenient for electrical exjieriments 
and IS much more compact than any other electrifying apparatus. 

* I find it conreniant to fiMten the other end of the thread to a rod of ebonite 
about 3111m diameter The ebonite is a moob bettor insulator than the silk thread, 
especially in damp weather. 
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It consistg of two disks, and an insulating handle which can be 
screwed to the back of either plate. One of these disks consists 
of resin or of ebonite in front supported by a metal hack In the 
centre of the disk is a metal pm which is in connection with the 
motal hack, and just reaches to the level of the surface of the 
ebonite. The surface of the ebonite is electrified by striking it 
with a piece of flannel or cat’s far The other disk, which is 
entirely of metal, is then brought near the ebomte disk by means 
of the insulating handle When it comes within a certain distance 
of the metal pin, a spark passes, and if the disks are now separated 
the metal disk is found to be charged positively, and the disk of 
ebonite and motal to be charged negatively. 

In using the instrument one of the disks is kept in connection 
with one conductor while the other is applied alternately to the 
first disk and to the other conductor By this process the two 
oonduetors will become charged with equal quantities of electricity, 
that to which the ebonite di&k was a])}il]ed becoming negative, 
while that to which the plain metal disk was applied becomes 
positive. 


Electromotive Force. 

6.] Definition — Whatever prwlncee or tends to produce a tranrfer 
of Eleetrif cation is called Electromotne Force. 

Thus when two electrified conductors are connected by a wire, 
and when electrification is transferred along the wire from one 
body to the other, the tendency to this transfer, which existed 
before the introduction of the wire, and which, when the wiie is 
introduced, produces this transfer, is called the Electromotive 
Force from the one body to the other along the path marked out 
by the wire. 

To define completely the electromotive force from one point to 
another, it is necessary, in general, to specify a particular path from 
the one point to the other along which the electromotive force is 
to be reckoned. In many cases, some of which will be described 
when we come to electrolytic, thermoelectric, and electromagnetic 
phenomena, the electromotive force from' one point to another may 
be different along different path's. If we restrict our attention, 

* [This WAS introduced by Profeesor PbiUipB to obviate the neoessity of touebin^; 
the Mirrier pUte while m contact with the ebomta ] 
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however, as we must do in this of onr subject, to the theory of 
the equilibrium of electricity at rest, we shall find that the electro- 
motive force from one point to another is the same for all paths 
drawn in air from the one point to the other. 


Electmc Potentul. 

6.] The electromotive force from any point, along a path drawn 
in air, to a certain point chosen as a point of reference, is called 
the Electric Potential at that point. 

Since electrical phenomena depend only on differences of poten- 
tial, it is of no consequence what point of reference we assume for 
the zero of potential, provided that vve do not change it during 
the same series of measurements. 

In mathematical treatises, the point of reference is taken at an 
infinite distance from the electniicd system under consideration. 
The advantage of this is that the mathematical expression for the 
potential due to a small electrified body is thus reduced to its 
simplest form. 

In experimental work it is more convenient to assume as a point 
of reference some object m metallic connection nith the earth, sncli 
as any part of the system of metal pipes conveying the gas or 
water of a town. 

It is often convenient to assume that the walls, floor and ceiling 
of the room in which the experiments are earned on has conducting 
power sufficient to reduce the whole inner surface of the room to 
the same potential. This potential may then be taken for zero. 
When an instrument is enclosed m a metallic case the potential 
of the case may be assumed to be zero. 

Potential of a Conductor. 

If.] If the potentials at different points of a uniform conductor 
are diflbrent there will be an electnc current from the places of 
high to the places of low potential. The theory of such currents 
will be explained afterwards (Chap. ix). At present we are dealing 
with cases of electric equilibrium in which there are no currents. 
Hence in the cases with which we have now to do the potential 
at every point of the conductor must be the isame. This potential 
IS called the potential of the conductor. 

The potential of a conductor is usually defined as the potential 
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of any point in the air infinitely close to the surface of the con« 
doctor. Within a nearly closed cavity in the conductor the 
potential at any point in the air is the same, and by making the 
expenmental determination of the potential within such a cavity 
we get rid of the difficulty of deahng with points infinitely close 
to the surface. 

8. ] It IS fiinnd that when two different metals are in contact and 
in electric equihbnum their potentials as thus defined are in general 
different. Thus, if a copper cylinder and a zinc cylinder are held 
in contact with one another, and if first the copper and then the 
zinc cylinder is made to surround the flame of a spirit lamp, the 
lamp being in connection mth an electrometer, the lamp rapidly 
acquires the potential of the air within the cylinder, and the 
electrometer shews that the potential of the air at any point within 
the zinc cylinder is higher than the potential of the air within the 
copper cylinder. We shall return to this subject a^n, but at 
present, to avoid ambiguity, we shall suppose that the condactore 
with which we have to do consist all of the same metal at the same 
temperature, and that the dielectne medium is air. 

9. ] The region of space in which the potential is higher than 
a certain value is divided from the region in which it is lower than 
this value by a surface called an equipotential surface, at every 
point of which the potential has the given value. 

We may conceive a senes of equipotential surfaces to he de- 
Bcnhed, coiTesponding to a series of potentials in arithmetical order 
The potential of any point will then be indicated by its position in 
the series of equipotential surfaces 

No two different equipotential surfaces can cut one another, for 
no point can have two different potentials. 

10. ] The idea of electnc potential may be illustrated by com- 
paring it with pressure in the theory of fluids and with temperature 
in the theory of heat. 

If two vessels containing the same or different fluids are put into 
communication by means of a pipe, fluid will flow from the vessel 
in which the pressure is greater into that in which it is less till the 
pressure is equalized. This however will not be the case if one 
vessel IB higher than the other, for gravity has a tendency to make 
the fluid pass from the higher to the lower vessel. 

Similarly when two electrified bodies are put into electric com- 
munication by means of a wire, electrification will be transferred 
from the body of higher potential to the body of lower potential, 
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\mlees tiiere is an electromotive force tending to urge electricity 
from one of these bodies to the other, as in the case of zinc and 
Copper above mentioned. 

Again, if two bodies at different temperatures axe placed in 
thermal communication either by actual contact or by radiation, 
heat will be transferred from the body at the higher temperatnre 
to the body at the lower temperature tdl the temperature of the 
two bodies becomes equalized. 

The analogy between temperature and potential must not be 
assumed to extend to all parts of the phenomena of heat and 
electricity. Indeed this analogy breaks down altogether when it is 
applied to those cases in which heat is generated or destroyed. 

We must also remember that temperature corresponds to a real 
physical state, whereas potential is a mere mathematical quantity, 
the value of which depends on the point of reference which we may 
choose. To raise a body to a high temperature may melt or 
volatilize it. To raise a body, together with the vessel which sur- 
lounds it, to a high potential produces no physical effect whatever 
on the body. Hence the only part of the phenomena of electricity 
and heat which we may regard as analogous is the condition of the 
transfer of heat or of electricity, according as the temperature or 
the potential is higher in one body or in the other. 

With respect to the other analogy — that between potential and 
fluid pressure — we must remember that the only respect m which 
electricity resembles a fluid is that it is capable of flowing along 
conductors os a fluid flows in a pipe. And here we may introduce 
once for all the common phrase The Electnc Flmd for the purpose 
of warning our readers against it. It is one of those phrases, 
which, having been at one time used to ‘denote an observed &ct, 
was immediately taken up by the public to connote a whole system 
of imaginary knowledge. As long ss we do not know whether 
positive eleotricity, or negative, or both, should be called a sub- 
stance or the absence of a substance, and as long as we do not 
know whether the velocity of an electric current is to be measured 
by hundreds of thousands of miles in a second or by an hundredth of 
an inch in an hour, or even whether the current flows from positive 
to negative or in the reverse direction, we must avoid speaJdng of 
the electric fluid. 
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On Electhosoopes. 

11.] An electroscope is an instrument by means of which the 
existence of electrification may be detected. All electroscopes are 
capable of indicating with more or lees accuracy not only the 
existence of electrification, but its amount. Such indications, how- 
ever, though sometimes very useful in guiding the experimenter, 
are not to be regarded as furnishing a numerical measurement of 
the electrification. Instruments so constructed that their indi- 
cations afiPord data for the numerical measurement of electrical 
quantities are called Electrometers. 

An electrometer may of couisc be used os an electroscope if it is 
sufficiently sensitive to indicate the electrification in question, and 
an instrument intended for an electioscope may, if its indications 
are sufficiently uniform and icgular, be used as an electrometer. 

The class of electroscopes of simplest construction is that in 
which the indicating part of the instrument consists of two light 
bodies suspended side by side, which, when electrified, rejicl each 
other, and indicate their oloctnfication by separating from each 
other. 

The suspended bodies may be balls of elder pith, gplt, and hung 
up by fine linen threads (which are better conductors than silk nr 
cotton), or pieces of straw or stnps of metal, and in the latter case 
the metal may be tinfoil or gold-leaf, thicker or thinner according 
to the amount of electnfication to he measured 

We shall suppose that our electroscope is of the most dehcate 
kmd, m which gold leaves are employed (see Eig. 1). The indi- 
cating apparatus I, I, is generally fastened to one 
end of a rod of metal L, which passes through an 
opening in the top of a glass vessel G It then 
hang^ within the vessel, and is protected from 
currents of air which might produce a motion of 
the suspended bodies liable to be mistaken for 
that due to electrification 

To test the electnfication of a body the electnfied 
body is brought near the disk A at the top of the 
metal rod, when, if the electnfication is strong 
enough, the suspended bodies diverge from one 
another. 

The glass case, however, is liable, as Faraday pointed out, to 
become itself electrified, and when glass is electrified it is very 


I. 



Fig 1 


10 


QOLD-LEAF ELECTBOSCOFE. 


[ll. 

difficult to ascertain by experiment the amount and the distribution 
of its electntication. There is thus introduced into the experiment 
a new force, the nature and amount of which are unknown, and this 
interferes with the other forces actingf on the gold leaves, so that 
their divergence can no longer be taken as a tnie indication of 
their electrification. 

The best method of getting nd of this uncertainty is to place 
M'ithin the glass case a metal vessel which almost surrounds the 
gold leaves, this vessel being connected with the earth. When the 
gold leaves arc electrified the inside of this vessel, it is true, becomes 
oppositely electrified, and so increases the divergence of the gold 
leaves, but the distribution of this electrification is always strictly 
dependent on that of the gold leaves, so that the divergence of the 
gold leaves is still a true indication of their actual electrical state. 
A continuous metal vessel, however, is opaque, so that the gold 
leaves cannot bo seen from the outside. A wire cage, however, 
may be used, and this i>, found qmte sufficient to shield the gold 
leaves from the action of the glass, while it does not prevent them 
from being seen. 

'fhe disk, Z, and the upiior part of the rod which supports the 
gold leaves, and another piece of metal M, which is connected with 
tlie cage m, m, and extends Imyond the case of the instrument, are 
railed the electrodes, a name invented by Faraday to denote the wags 
by which the clectncit)' gets to the vital parts of the instrument. 

The divergence of the gold leaves indicates that the potential of 
I he gold leaves and its electrode is different from that of the sur- 
roimding metal cage and its electrode. If the two electrodes are 
connected by a wiie the whole instrument may bo electnfied to any 
extent, but the leaves will not diverge. 

Expebiment V. 

The divergence of the gold leaves does not of itself indicate 
whether their potential is higher or low'er than that of the cage; 
it only shews that these potentials are different. To ascertain 
which has the higher potential take a rubbed stick of seahng-wax, 
or my other eubstance which we know to be negatively electrified, 
and hnng it near the electrode which cariies the g^Id leaves. If 
the gold leaves are negatively electnfied they will diverge more as 
the seahng-wax approaches the rod which carries them ; but if they 
are positively electrified they will tend to collapse. If the electri- 
fication of the sealing-wax is considerable with respect to that of 
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the g®ld leaves thej will first collapse entirely, but will again 
open out as the sealing-wax is brooght nearer, shewing that they 
are now negatively electrified. If the electrode M belonging to 
the cage is insulated from the earth, and if the sealing-wax is 
brought near it, the indications will be exactly reversed ; the’leavcs, 
if electrified positively, will diverge more, and if electrified nega- 
tively, will tend to collapse 

If the testing body used in this experiment is positively elec- 
trified, as when a glass tube lubbed with amalgam is employed, the 
indications are all reversed 

By these methods it is easy to determine whether the gold leaves 
are positively or negatively electrified, or, m other words, whether 
their potential is higher or lower than that of the cage 

12. ] If the cleetiification of the gold leaves is considerable the 
electric foiee which acts on them becomes much greater than their 
weight, and they stretch themselves out towards the cage as for as 
they can In this state an increase of cleetiification prodnoea no 
visiblo effect on the electroscope, for the gold leaves cannot diverge 
more. If the electnfication is still further increased it often happens 
that the gold leaves aio torn olf from their support, and the instru- 
ment IS rendered useless* It is better, therefore, when we have to 
deal with high degrees of electnfication to use a less delicate in- 
strument. A pair of pith balls suspended by linen threads answers 
\ ery well , the threads answer sufiSciently well as conductors of elec- 
tricity, and the balls are repelled from each other when electrified. 

I'or very small differences of potential, electroscopes much more 
sensitive than the ordinary gold-leaf electroscope may be used. 

TuOUSOK’s QrADItANT ELXCTXOMErER. 

13. ] In Sir William Thomson’s Quadrant Electrometer the 
indicating part consists of a thm flat strip of aluminium (see 
Fig. 2) called the needle, attached to a vertical axle of stout 
platinum wire. It is hung up by two silk fibres x, y, so as to 
be capable of turning about a vertical axis under the action of 
the electric force, while it always tends to return to a definite 
position of equilibrium. The axis carries a concave mirror t by 
which the image of a flame, and of a vertical wire bisecting the 
flame, is thrown upon a graduated scale, so as to indicate the 
motion of the needle round a vertical axis. The lower end of 

* [For tlie sake of lafety the c^e is often so arranged that the gold leaves toaoh 
it and become discharged before diverging to their extreme limit ] 
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the axle dips into snlphniic acid contained in the lower part of 
the g'lass ease of the instrument, and thus puts the needle into 
electrical connection with the acid. The lower end of the axle 
also cames a piece of platinum, immersed in the acid which serves 
to check the vibrations of the needle The needle hangs vrithin 
a shallow cylindrical brass box, with circular apertures in the 
centre of its top and bottom. This box 
is divided into four quadrants, a, i, c, <1, 
which are separately mounted on glass 
stems, and thus insulated from the case 
and from one another The quadrant b 
IS removed in the ligure to shew' the 
needle. The position of the needle, when 
m equilibrium, is such, that one end is 
half in the quadrant a and half in c, 
while the othci end is half in b and 
half in </. 

The electrode I is connected ivith the 
quadrant a and also with d through the 
wire 10 . The other electrode, w, is con- 
nected with the quadrants b and e. 

The needle, v, is kept always at a 
Fig 2 high potential, generally positive To 

test the difference of jiotential between 
any body and the earth, one of tlie electrodes, say m, is connected 
to the earth, and the other, /, to the body to be tested. 

The quadrants b and c aie therefore at potential zero, the 
quadrants a and d are at the potential to be tested, and the needle 
v 13 at a high positive potential. 

The whole surface of the needle is electrified positively, and 
the whole inner suiface of the quadrants is electrified negatively, 
but the greatest elect nfication and the greatest attraction is, other 
things being equal, where the difference of potentials is greatest, 
If, therefore, the potential of the quadrants a and d is positive, 
the needle will move from a and d towards b and c or in the 
direction of the hands of a watch. If the potential of a and d is 
negative, the needle will move towards these quadrants, or in the 
opposite direction to that of the bands of a watch 

The higher the potential of the needle, the greater will be the 
force tending to turn the needle, and the more distinct will be the 
indicationB of the instrument. 
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Idtottatic and lleterottatie IngtrumenU. 

14. ] In the gold-leaf electroscope, the only electrification in 
the field is the electrification to be tested. In the Quadrant 
Electrometer the needle is kept always charged. Instruments in 
which the only electrification is that which we wish to test, are 
called Idiostatic. Those in which there is electrification inde- 
pendent of that to be tested are called Heterostatic. In an 
idiostatic instrument, like the gold-leaf electroscope, the indications 
are the same, whether the potential to be tested is positive or 
negative, and the amount of the indication is, when very small, 
nearly as the square of the difference of potential. In a hetero- 
static instrument, like tho quadrant electrometer, the indication 
is to the one side or to the other, as the potential is positive or 
negative, and the amount of the indication is proportional to the 
difference of potentials, and not to the square of that difference. 
Hence an in^tiument on the heterostatic pnnciplo, not only in- 
dicates of itself whether tho potential is positive or negative, but 
when the potential is very small its motion for a small variation 
of potential is as great as when the potential is large, whereas in 
the gold-leaf electroscope a very small electrification does not cause 
the gold leaves to separate sensibly. 

In Thomson’s Quadrant Electrometer there is a contrivance by 
which the potential of the needle is adjusted to a constant value, 
and there are other organs for special purposes, which are not 
represented in the figure which is a mere diagram of the most 
essential parts of the instrument. 

On Insulatods. 

15. ] In electrical experiments it is often necessary to support 
an electrified body in such a way that tho electricity may not 
escape. For this purpose, nothing is better than to set it on a 
stand supported by a glass rod, provided the surface of the glass 
18 quite dry. But, except in the veiy driest weather, the surface 
of the glass has always a little moistuie condensed on it. For 
this reason electrical apparatus is often placed before a fire, before 
it is to be used, so that the moisture of the air may not condense 
on the warmed sur&ce of the glass. But if the gloss is made 
too warm, it loses its insulating power and becomes a good 
conductor. 
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Hence it is beet to adopt a method by which the surface of the 
glass ma^ be kept dry without heating it. 

The insulating stand in the figure consistB of a glass vessel C, 
with a boss rising up in the middle to which 
IS cemented the glass pillar a a. To the upper 
part of this pillar is cemented the neck of the 
bell glass B, which is thus supported so that 
its nm is within the vessel C, hut does not 
touch it The pillai a carries the stand A on 
which the body to be insulated is placed 

In the vessel C is placed some strong sul- 
phuric acid c, which fills a wide shallow moat 
round the bosi m the middle The air within 
the bell glass 1i. in contact with the pillar a, is 
thus dried, and before any damp air can enter 
this part of the instrument, it roust pass down between C and B 
and glide over the surface of the sulphuric acid, so that it is 
thoroughly dried before it reaches the glass pillar. • Such an in- 
sulating stand is \ cry valuable when delicate experiments have to 
bo peiforrned For rougher purposes insulating stands may be 
made with pillars of glass varnished with shellac or of sealing-wax 
or ebomte 

16] For carrying about an electrified conductor, it is very 
convenient to fasten it to the end of an ebonite rod. Ebonite, 
however, is very easily electrified The slightest toueh with the 
hand, or friction of any kind, is sufficient to render its surface so 
I'll etneal, that no conclusion can be di awn as to the electrification 
of the conductor at the end of the lod. 

The rod therefore must never be touched but must be earned 
by means of a handle of metal, or of wood covered with tinfoil, 
and before making anv experiment the w'hole surface of the ebonite 
must bo ficed from electrification by passing it rapidly through a 
flame. 

The sockets by which the conductors are fastened to the ebomte 
rods, should not project outwards from the conductors, for the 
electricity not only accumulates on the projecting parts, but creeps 
over the surface of the ebonite, and remains there when the 
electricity of the conductor is discharged The sockets should 
therefore be entirely within the outer surface of the conductors 
as in F'lg 4. 

It IS convenient to have a brass ball (Fig. 4), one inch in 
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diameter, a cylindrical metal vesael (Fig 5) about three inches 
in diameter and five or bix inches deep, a pair of disks of tin 
plate (Figs. G, 7), two inches in diameter, and a thin ivire about 
a foot long (Fig. 8) to make connection between electrified bodiw 
These should all be mounted on ebonite rods (jieiiholdci's), one 
eighth of an inch in diameter, with handles of mefal or of wocxl 
covered with tinfoil 



Ky- 15 •> " 




CHAPTEB II. 


ox THE charges OF ELECTRIFIED BODIES. 

Experiment VI 

17.] Take any deep vessel of metal --n pewter ice-pail was used 
by Faraday, — a piece of wire gauze rolled into a cylinder and set 
on a metal plate is very convenient, as it allows any object within 
it to be seen. Set this vessel on an insnlating stand, and place 
an electroscope near it Connect one electrode of the electroscope 
permanently with the earth or the walls of the room, and the 
other with the insulated vessel, either permanently by a wire 
reaching from the one to the other, or occasionally by means of 
a wire carried on an ebonite rod and made to touch the vessel 
and the electrode at the some time. We shall generally suppose 
the vessel in permanent connection with the elec- 
troscope. The simplest way when a gold-leaf 
electroscope is used is to set the vessel on the 
top of it 

Take a metal ball at the end of an ebonite rod, 
electrify it by means of the electrophorus, and 
carrying it by the rod as a handle let it down mto 
the metal vessel vnthont touching the sides 
As the electrified ball approaches the vessel the 
indications of the electroscope continually increase, 
but when the ball is fairly within the vessel, that 
is when its depth below the opening of the vessel 
becomes considerable compared with the diameter 
of the opening, the indications of the electroscope no longer in- 
crease, but remain unchanged in whatever way the ball is moved 
about within the vessel. 

This statement, which is approximately true for any deep vessel, 
18 rigorously true for a closed vessel. This may be shewn by 
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olosiitg the month of the vessel with a metal lid worked by means 
of a silk thread. If the electrified ball be drawn np; and let 
down in the vessel by means of a silk thread passings throug-h a 
hole in the lid, the external electrification of the vessel os in- 
dicated by the electrometer will remain unchanged, while the ball 
changes its position within the vessel. The electrifi- 
cation of, the gold leaves when tested is found to be 
of the tame hind as that of the ball. 

Now touch the outside of the vessel with the finger, 
so as to put it in electric communication with the 

floor and walls of the room The external electrifica- 

• 

tion of the vessel will be discharged, and the gold 
leaves of the electroscope will collapse If the ball bo 
now moved about within the vessel, the electroscope 
will shew no signs of electrification; but if the ball 
be taken out of the vessel without touching the sides, 
the gold leaves will agam diverge as much as they did 
during the first part of the experiment. Their electri- 
fication however will be found to be of the oppmte kind from 
that of the ball. 



Fig 10 


ExPBEIireNT VII. 

To compare the charge* nr total Mectnficafion of In o 
eleetnfed ball*. 

18] Smee whatever be the position of the electrified bodies 
within the vessel its external electrification is the same, it must 
depend on the total electrification of the bodies within it, and 
not on the distnbution of that electrification. Hence, if two balls, 
when alternately let down into the vessel, produce the same diver- 
gence of the gold leaves, their chargees must be equal. This may 
be further tested by dischargmg the outside of the vessel when 
the first ball is m it, and then removing it and letting the second 
ball down into the vessel. If the chargpes are equal, the electro- 
scope will still indicate no electrification. 

If we wish to ascertain whether the charges of two bodies, 
oppositely electrified, are numerically equal, we may do so by 
discharging the vessel and then letting down both bodies into 
it. If the charge are equal and opposite, the electroscope will not 
be affected. 
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TO DISCHAROE A BODY COMPLETELY. [19. 


EXPMIMENT VIII. 

When an eleetrifitd body it hung up within a doted metalMe vettel, 
the total electnfication (f the inner ttaface <f the %ettel zt equal 
and opponte to that of the body. 

19.] After banging the body within the vessel, discharge the 
external electnfication of th^ vessel, and hang np the whole within 
a larger vessel connected with the electroscope. The electroscope 
will indicate no electnfication, and will remain unaffected even 
if the electnfied body be taken out of the smaller vessel and moved 
about within the larger vessel. If, however, either the electrified 
body or the smaller vessel he removed from the large vessel, the 
electroscope will indicate positive or negative electrification 

"When an electrified body is placed within a vessel free of charge, 
the external electnfication is equal to that of the body This 
follows from the fact already proved that the internal electnfica- 
tion IS equal and opposite to that of the body, and from the cir- 
cumstance that the total charge of the vessel is zero. 

But it may also be proved experimentally by placing, first the 
electrified body itself, and then the electnfied body surrounded 
by an uncharged vessel, withm the larger vessel and observing 
that the indications of the electroscope are the same in both 
cases. 

Expemmknt IX. 

When an electnfied body it placed mtkm a doted teitel and then 
put into electrical connection with the vetsel, the body it com- 
pletely dueharged 

20] In peiformmg any of the former exiienments bring the 
electnfied body into contact with the inside of the vessel, and 
then take it out and teat its charge by placing it within another 
vessel connected with the electroscope. It will be found quite 
free of clurgc This is the case howevei highly the body may 
have been originally electnfied, and however highly the vessel 
it-Jclf, the inside of w hich it is made to touch, may bo electrified. 

If the vessel, during the experiment, is kept connected with the 
electroscope, no altcratiifn of the external electnfication can be 
detected at the moment at which the electrified body is made to 
touch the inside of the vessel This affords another pioof that 
the electnfication of the intenor surftce is equal and opposite to 
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21 .] 

that of the electrified bodj within it. It also ehews that when 
there is no electrified body within the snrfiice every part of that 
snrfiKie is free from eharge. 

Expeeimeut X. 

To charge a vestel with ang number of time* the charge <f a given 
electrified body. 

21.] Place a smaller vessel within the given vessel so as to be 
insulated from it. Place the electrified body within the inner 
vessel, taking eare not to discharge it. The ex- 
tenor charges of the inner and outer vessels will 
now be equal to that of the body, and their in- 
terior charges will be numerically equal but of 
the opposite kind Now make electnc connection 
between the two vessels. The exterior charge of 
the inner vessel and the interior charge of the 
outer vessel will neutralise each other, and the 
outer vessel will now have a charge equal to that 
of the body, and the inner vessel an equal and op- 
posite charge. 

Now remove the electrified body ; take out the 
inner vessel and dischai'ge it ; then replace it , 
place the electrified body within it, and make contact between the 
vessels. The outer vessel has now received a double charge, and 
by repeating this process any number of charges, each equal to 
that of the electrified body, may lie communicated to the outer 
vessel. 

To charge the outer vessel with electrification opposite to that 
of the electrified body i . still easier We have only to place the 
electrified body within the smaller vessel, to put this vessel for a 
moment in connection with the walls of the room s-o as to dis- 
charge the exterior electrification, then to remove the clectnfied 
body and carry the vessel into the inside of the larger vessel and 
bring it into contact with it so as to give the larger vessel its 
negative charge, and then to remove the smaller vessel, and to 
repeat this process the required number of limes. * 

We have thus a method of comparing the electric charges of 
different bodies without discharging them, of producing charges 
equal to that of a given electrified body, and either of the same 
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or of opposite signs, and of adding any number of such charges 
together. 

22.] In this way we may illustrate and test the truth of the 
following laws of electrical phenomena. 

I. The total electrification or charge of a body or system of 
bodies remains always the same, except in so far as it receives 
electrification from, or gives electrification to other bodies. 

In all electrical experiments the electrification of bodies is found 
to change, but it is always found that this change arises from 
defective insulation, and that as the means of insulation are im- 
proved, the loss of electrification becomes less. We may therefore 
assert that the electrification of a body cnt ofi^ from electrical com- 
munication with all other bodies by a perfectly insulating medium 
would remain absolutely constant. 

II. When one body electrifies another by conduction the total 
electrification of the two bodies remains the same, that is, the one 
loses as much positive or gains as much negative electrification as 
the other gains of positive or loses of negative electrification. 

For if the electno connection is made when both bodies are 
enclosed in a metal vessel, no change of the total electrification is 
observed at the instant of contact. 

in. When electrification is produced by friction or by any other 
known method, equal quantities of positive and of negative elec- 
tricity are produced 

For if the process of electrification is conducted within the 
closed vessel, however intense the electrification of the parts of 
the system may be, the electrification of the whole, as indicated by 
the electroscope connected with the vessel, remains zero, 

IV. If an electrified body or system of bodies be placed within 
a closed conducting suriace (which may consist of the floor, walls, 
and ceiling of the room in which the experiment is made), the in- 
terior electrification of this surface is equal and opposite to the 
electrification of the body or system of bodies. 

V. If no electrified body is placed within the hollow conducting 
surface, the electrification of this surface is zero. This is true, not 
only of the electrification of the surface as a whole, but of every 
part of this surface. 

For if a conductor be placed within the surface and in contact 
with it, the Burfisce of this conductor becomes eleotncally continu- 
ons with the mterior surface of the enclosing vessel, and it is found 
that if the conductor is removed and tested, its electrification is 
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always zero, shewing that the electrification of eveiy part of an 
interior surface within which there is no electrified body is zero. 

By means of Thomson’s Quadrant Electrometer it is easy to 
measure the electrification of a body when it is a million times less 
than when charged to an amount convenient for experiment. 
Hence the experimental evidence for the above statements shews 
that they cannot be erroneous to the extent of one>millionth of the 
principal electnfications concerned. 



CHAPTER III. 

ON ELECTRICAL WORK AND ENEROy. 

23 .] Work in general is the act of producing a change of con- 
figuration in a material eyfatem in oppoaition to a force which 
resists this change. 

Energy is the capacity of doing woik. 

When the nature of a material system is such that if after the 
system has undergone any senes of changes it is brought back 
in any manner to its original state, the whole work done by 
external agents on the system is equal to the whole work done 
by the system in overcoming external forces, the system is called 
a Conservative system. 

The progress of physical science has led to the investigation of 
different forms of energy, and to the establishment of the doctrine, 
that all material systems may be regarded as conservative systems 
]>rovided that all the different forms of energy are taken into account 
This doctrine, of course, considered os a deduction from experiment, 
can assert no more than that no instance of a non-conservative 
system has hitherto been discovered, but as a scientific or science- 
]>rodncing doctnne it is always acquiring additional credibility 
from the constantly increasing number of deductions which have 
liecn drawn from it, which arc found in all cases to he verified, 
.[n fact, this doctnne is the one generalised statement which is 
found to be consistent with fact, not in one physical science only, 
but in all. When once apprehended it furnishes to the physical 
enqnirer a pnnciple on which he may hang every known law 
relating to physical actions, and by which he may be put in the 
way to discover the relations of such actions in new branches of 
science. Eor such reasons the doctrine is commonly called the 
Principle of the Conservation of Energy. 
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OsNXKAi. Statement of the Conservation of Enerov. 

24.] The total energy of any eyetem of bodies is a quantity 
which can neither be increased nor diminished by any mutual 
action of those bodies, though it may be transformed into any of 
the forms of which energy is susceptible. 

If, by the action of some external agent, the configuration of the 
system is changed, then, if the forces of the system are such as to 
retnH this change of configuration, the external agent is said to do 
work on the system. In this case the energy of the system is 
increased. If, on the contrary, the forces of the system tend to 
poduee the change of configuration, so that the external agent has 
only to allow it to take place, the system is said to do work on 
the external agent, and in this ease the eneigy of the system is 
diminished. Thus when a fish has swallowed the angler's hook 
and swims off, the angler following him for fear his line should 
break, the fish is doing work against the angler, but when the fish 
becomes tired and the angler draws him to shore, the angler is 
doing work against the fish 

Work 18 always measured by the product of the change of 
configuration into the force which resists that change Thus, when 
a man lifts a heavy body, the change of configuration is measured 
liy the increase of distance between the body and the earth, and 
the force which resists it is the weight of the body The product 
of these measures the work done by the man If the man, instead 
of lifting the heavy body vertically upwards, rolls it up an inclined 
plane to the same height above the ground, the work done against 
gravity is precisely the same ; for though the heavy body is moved 
a greater distance, it is only tlie vertical component of that 
distance which coincides in direction with the force of gravity 
acting on the body. 

26 ] If a body having a positive charge of electneity is earned 
by a man from a place of low to a place of high potential, the 
motion is opjiosod by the elcctno force, and the man does work on 
the electiic system, thereby increaang its energy. The amount 
of work IS measured by the product of the number of units of 
electricity into the increase of potential in moving from the one 
place to the other. 

We thus obtain the dynamical definition of electric potential. 
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The eUefric poUnltal at a given point of the field i» nmmrei by 
the amount of work wkieh mutt he done hy an external agent m 
carrying one unit of poniwe eteetncxty from a place where the potential 
It zero to the given point. 

This definition is consistent witli the imperfect definition given 
at Art 6, for the work done in carrying a nnit of electricity from 
one place to another will be positive or negative according as the 
displacement is from lower to higher or from higher to lower 
potential In the latter case the motion, if not prevented, will 
take place, without any interference from without, in ohedienoe to 
the electric forces of the system. Hence the flow of electricity 
along conductors is always from pldces of high to places of low 
potential. 

26] We have already defined the electromotive force from one 
place to another along a given path as the work done by the 
electric forces of the system on a unit of electricity earned along 
that path. It is therefore measured by the excess of the potential 
at the beginning over that at the end of the path. 

The electromotive force at a point is the force with which the 
electnfied system would act on a small body electrified with a unit 
of jiOBitive electricity, and placed at that point. 

If the electrified body is moved in snch a way as to remain on 
the same equipotential surfiice, no work is done by the electric 
forces or against them Hence the direction of the electnc force 
acting on the small body is such that any displacement of the body 
along any line drawn on the equipotential sui^e is at right angles 
to the force The direction of the electromotive force, therefore, is 
at right angles to the equipotential surfiice. 

The magnitude of this force, multiphed by the distance between 
two neighbouring equipotential surfaces, gives the work done in 
passing from the one equipotential surfiwe to the other, that is to 
say, the difierencc of their potentials. 

Hence the magnitude of the electric force may be found by 
dividing the difference of the potenfuals of two neighbouring equi- 
jiotcntial surfaces by the distance between them, the distance 
being, of course, very small, and meaeured perpendicularly to 
either surface. The direction of the force is that of the noit nnl 
to the equipotential surface through the given point, and is 
reckoned in the direction in which the potential diminiehet. 
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Indicator Diagram of Electric Work. 

27.] The indicator diagram, employed by Watt for measuring 
the work done by a steam engine*, may be made use of in investi- 
gating the work done daring the charging of a conductor with 
electricity. 



Let the charge of the conductor at any instant be represented by 
a horizontal line OC drawn from the point 0, which is called the 
ongin of the diagram, and let the potential of the conductor at 
the same instant be represented by a vertical line CA, drawn from 
the extremity of the first line, then the position of the extremity 
of the second hue will indicate the electric state of the conductor, 
both with respect to its charge, and also with respect to its 
potential 

If during any electrical operation this point moves along the 
line AFGIIB, we know not only that the charge has been increased 
trdm the value OC to the value OJ), and that the potential has 
been increased from CA to BB, but that the charge and the 
potential at any instant, corresponding, say, to the point F of the 
curve, are represented respectively by Ox and xF. 

28.] Theorem. The work expended by an external agent in 
bringing the increment of chaige from the walls of the room to 
the conductor is represented by the area enclosed by the base bne 
CD, the two vertical lines CA and BB, and the curve AFOHB. 

For let CB, the increment of the charge, be divided into any 
number of equal parts at the points, x, y, z, 

* Maxwell’i ' Theory oi Heat,’ 4th ed., p 101. 
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• 

The value of the potential just before the application of the 
charge Cm is repreeented by AC. Hence if the potential were to 
remain constant during the application of the charge Cw, the work 
expended in charging the conductor would be represented by the 
product of this potential and the charge, or by the area ACmQ. 

As soon as the charge Cx has been applied the potential is xF. 
If this had been the value of the potential during the whole 
process, the work expended would have been represented by 
KCxF. But we know that the potential rises gradually during 
the application of the charge, and that during the whole process 
it is never less than CA or greater than xF. Hence the work 
expended in charging the conductor is not less than ACxQ, nor 
greater than KCxF. 

In the same way we may determine the lower and higher 
limits of the work done during the application of any other portion 
of the entire charge 

We conclude, therefore, that the work expended in increasing 
the charge fiom OC to OD is not less than the area of the figure 
CAQFFGSllTJ), nor greater than CKFLOMllNliD. The differ- 
ence between these two values is the sum of the parallelograms 
KQ,, LR, MS, AT, the breadths of which are equal, and their 
united height la SF Their united area is therefore equal to that 
of the parallelogram At TB. 

By increasing without limit the number of equal parts into 
which the charge is divided, the breadth of the parallelograms will 
be diminished without limit. In the limit, therefore, the difference 
of the two values of the work vanishes, and either value becomes 
ultimately equal to the area CAFGHBD bounded by the curve, 
the extreme ordinates, and the Ixwe line. 

This method of jiroof is applicable to any case in which the 
jiotential is always increasing or always diminishing as the charge 
increases. When this is not the case, the process of charging 
may be divided into a number of parts, in each of which the 
])otential is either always increasing or alw’ays diminishing, and 
the proof apphed separately to each of these parts. 

SuPERPOsmoK OP Electric Effects. 

29.] It appears from Experiment VII that several electrified bodies 
placed in a hollow vessel produce each its own effect on the 
electrification of the vessel, in whatever positions they are placed. 
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8UPEBP0SITI0N OF ELKCTRIC EFFECTS. 


From ibis it follows that one electric phenomenon at least, that 
called electrification bj induction, is such that the effect of the 
whole electnfication is the sum of the effects due to the different 
parts of the electrification. The different electrical phenomena, 
however, are so intimately connected with each other that we are 
led to infer that all other electrical phenomena may be regarded 
as composed of parts, each part being due to a corresponding part 
of the electnfication 

Thus if a body A, electnfied in a definite manner, would produce 
a given potential, P, at a given point of the field, and if a body, B, 
also electnfied in a definite manner, would produce a potential, Q, 
at the same point of the field, then when both bodies, still elec- 
trified as before, are introduced simultaneously into their former 
places in the field, the potential at the given point will be Z* -I- Q. 
This statement may be verified by direct expeiiment, bul, its most 
satisfactory verification is founded on a comparison of its conse- 
quences with actual phenomena 

As a particular case, let the electrification of every part of the 
system be multiplied n fold The potential at every point of the 
system will also be multiplied by ». 

80 ] Let us now suppose that the electrical system consists of a 
number of conductors (which we shall call , y/j, &c ) insulated fiom 
each other, and capable of being charged with electricity Let the 
charges of these conductors be denoted by 77], &c., and their 

potentials by /'j, P^, &e. 

If at first the conductors are all without charge, and at potential 
zero, and if at a certain instant each conductor begins to lie charged 
with electncity, so that the charge 
mcreases uniformly with the time, 
and if this process is continued till 
the charges simultantously become 
A] for the first conductor, E^ for the 
second, and so on, then since the in- 
crement of the charge of any con- 
ductor is the same for every equal 
interval of time during the process, 
the increment of the potential of 
each conductor will also be the same 
for every equal increment of time, so that the line which represents, 
on the indicator diagram, the succession of states of a given con- 
ductor with respect to charge and potential will be described with 
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a velocity, the horizontal and vertical componente of which remain 
constant daring the process. This hne on the diagram is therefore 
a straight line, drawn from the origin, which represents the initial 
state of the system when devoid of charge and at potential zero, to 
the point Ai which indicates the final state of the condnctor when 
its charge is , and its potential Pi , and will represent the process 
of charging the conductor Ai. The work expended in charging 
this conductor is represented by the area OCA, or half the product 
of the final charge Ei and the final potential Pj. 

Energy of a Systeu of ELEcmiFiED Bodies. 

31.] When the relative positions of the conductors ore fixed, the 
work done m charging them is entirely transformed into electrical 
energy. If they are charged in the manner just described, the 
work expended in charging any one of them is iEP, where E re- 
presents its final charge and P its final potential. Hence the work 
expended in charging the whole system may be written 
\E-^i + + &c , 

there being as many products as there are conductors in the system. 

It IS convenient to write the sum of such a series of terms in the 
form iS(iy), 

where the symbol E (sigma) denotes that all the products of the 
form EP are to be summed together, there being one such product 
for each of the conductors of which the system consists. 

Since an electrified system is subject to the law of Conservation 
of Energy, the work expended in charging it is entirely stored up 
in the system m the form of electrical energy. The value of this 
energy is therefore equal to that of the work which produced it, or 
(EP). But the electrical energy of the system depends al- 
together on its actual state, and not on its previoaB history. Hence 

Theorem I. 

Tke eleetneal energy of a eyetem of conductor*, ta whatever way 
they may have been charged, t* half the nm <f the product* of the 
charge mto the potential of each conductor. 

We shall denote the electric energy of the system by the symbol 

where Q=:|2(i'P) ( 1 ) 
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Work done in aUenng the chargee of the egetem, 

82.] We shall next suppose that the conductors of the system, 
instead of beings originally without charge and at potential zero, ara 
originally charged with quantities E^, &o of electricity, and are 
at potentials i*i, P^, &e. respectively. 

When in this state let the charges of the conductors be changed, 
each at a uniform rate, the rate being, in general, different for 
each conductor, and let this process go on uniformly, till the 
charges have become Ef, E^, &c., and the potentials P^, P^, &e. 
respectively. 

By the principle of the superposition of electrical effects the in* 
crement of the potential will vary as the increment of the charge, 
and the potential of each con- 
ductor will increase or diminish 
at a uniform rate from P to P', 
while its charge varies at a uni- 
form rate from E to Ef. Hence 
the line AA', which represents 
the varying state of the con- 
ductor during the process, is the 
straight line which joins A, the 
point which indicates its original 
state, with A', which represents 
its final state. The work spent y,g u. 

in producing this increment of 

charge in the conductor is represented by the area ACCA', or 
iCC' (CA+C'A'), or (E'—E) i{P+P'), or, in words, it is the pro- 
duct of the increase of charge and the half sum of the potentials 
at the beginning and end of the operation, and this will be true for 
every conductor of the system. 

As, during this process, the electric energy of the system changes 
finm Q, its original, to Q', its final value, we may write 

Q'=Q + iS{(E'~E)(P' + P)} (2) 

hence, 

Thkoeem II. 

The increment of the energy of the syetem u half the eum of the 
prodnete of the increment of charge of each conductor into the 
ewm of ite potentiale at the beginning and the end <f the procees. 

88.] If all the charges but one are maintained constant (by the 
insulation of the conductors) the equation (2) is reduced to 
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q'~q==(W-E)k{P'+F), 

^ = 

If the increment of the charge is taken always smaller and smaller 
till it ultimately vanishes, P becomes equal to P and the equation 
may be inteiqjreted thus — 

The rate of increase of the electrical energy due to the increase 
of the charge of one of the conductors at a rate nmty is numerically 
equal to the potential of that conductor. 

In the notation of the differential calculus this result is expressed 
by the equation dQ 

1le~^' 

in which it is to be remembered that all the charges but one are 
miuntained constant 

34 ] Returning to equation (2), we have already shewn that 


(2=12 (AP) and (2' = 1 2 (PP') (5) 

we may therefore write equation (2) 

1 2 (7/P') = 1 2 (PP) + 1 2 {E'P'-EP+FP-EP') (G) 


Cutting out from the equation the terms which destroy each 

other, we obtain 2(PP') = 2(P’'P), (7) 

or in words, 

Theorem III. 

In a fixed system of conductor* the »um of the product* of the original 
charge amt the final potential cf each conductor i* equal to the *um 
of the product* of the final charge and the original potential. 

This theorem corresponds, in the elementary treatment of electro- 
statics, to Green’s Theorem in the analytical theory By properly 
choosing the original and the final state of the system we may 
deduce a number of results which we shall find useful in our after- 
work. 

35.] In the first place we may write, as before, 

42{(P'-70(P' + P)} = 4'2(P'P'-PP-pPP-PP^; ... (8) 
adding and subtracting the equal quantities of equation (7), 


0 = 2(PP'-P'P) (9) 

and the nght-hand side becomes 

\'S,{FF-EP~FP+EF) (10) 


or i2{(P'-£)(P'-pP)} = Q'-<2 = JS{(P' + P)(P'-P)}, ( 11 ) 
or in words, 
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Theoebm IV. 

The mermewt of the energy of a fixed *y»tem cf condnctort « equal 
to half the *um of the product* of the xnerement of the pateniml 
of each conductor into the sum of the original and final charge* 
of that conductor. 

36.] If all the condnoton bnt one are maintained at constant 
potentials (which may ho done by connecting' them with voltaic 
batteries of constant electromotive force), equation (1 1) is reduced to 


<2'-<3 = !(£”+/;) (12) 

= ( 13 ) 


If the inurement of the potential is taken successively smaller and 
smaller, till it ultimately vanishes, S' becomes at last equal to A 
and the equation may be interpreted thus — 

The rate of increase of the electrical cneigy due to the increase 
of potential of one of the conductors at a rate unity is numerically 
equal to the charge of that conductor. 

In the notation of the differential calculus this result is expressed 
by the equation dQ, 

dP 


in which it is to be remembcied that all the jKitcntials but one arc 
maintained constant. 

37.] We have next to point out some of the results which may 
be deduced from Theorem III. 

If any conductor, as A^, is insulated and without charge both in 
the initial and the final state, then J5, = 0 and E' = 0, and therefore 

P,P,' = 0 and P/P, = 0, (15) 

so that the terms depending on A^ disappear from both members 
of equation (7). 

Again, if another conductor, say A^, be connected with the earth 
both in the initial and in the final state, Py = 0 and Pf = 0, so that 


E„Pf= 0 and EfPu = 0 ; 

so that, in this case also, the terms depending on A^ disappear from 
both sides of equation (7). 

If, therefore, all the conductors with the exception of two, say 
A, and A , , are either insulated and without charge, or else connected 
with the earth, equation (7) is reduced to the form 

E,p; + e.p:= e;p, + p/p. 


( 16 ) 
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Let ns first suppose that in the initial state all the conductors 
except Af are 'without charge, and that in the final state all the con- 
ductors except A, are without charge. The equation then becomes 

E.'P. (17) 

p/ p/ 

Pr'P/’ 

[If, therefore, P, = P/, P, = PfO, 

or in words, 

Theokem V. 

In a tyttem cf fixed insulated conductors, the potential (P,) produced 
in A, ip a charge P communicated to A, is equal to the potential 
(P,') produced in A, bp an equal charge E communicated to A, . 

This is the first instance we have met 'with of the reciprocal 
relation of two bodies. There are many such reciprocal relations. 
They occur in every branch of science, and they often enable us 
to deduce the solution of new electrical problems from those of 
simpler problems with which we are already &miliar Thus, if 
we know the potential which an electrified sphere produces at a 
point in its neighbourhood, we can deduce the effect which a small 
electrified body, placed at that point, would have in raising the 
potential of the sphere. 

38 ] Let us next suppose that the original potential of A, is P, 
and that all the other conductors are kept at potential zero by 
being connected with the wills of the room, and let the final 
potential of A, be P/, that of all the others being zero, then in 
equation (7) all the terms involving zero potentials will vanish, 


and we shall have in this case also 

p^;=p/p. (18) 

If, therefore, P/= P„ P, = P/, (19) 

or in words. 


Theorem VI. 

In a spstem of fxed conductors, connected, all hut one, with the walls 
of the room, the charge {E,) induced on A, when A, is raised to 
the potential P, is equal to the charge (P/) induced on A, when 
A, IS raised to an equal potential (P/). 

39.] As a third case, let us suppose all the conductors insulated 
and writhout charge, and that a charge is communicated to A, 
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which raises its potential to and that of A, to I,. Next, let A, 
be oonnected with the earth, and let a charge on A^ induce the 
charge E' on A^ 

In equation (16) we have = 0 and JJ'= 0, so that the left- 
hand member vanishes and the eqdhtion becomes 

o=e:p,^.e:p, ( 20 ) 

P._ K' 

“ pr e:' 

Hence, if P, — nP,, E/ = —nE,', (21) 

or in words. 

Theorem VII. 


i» a tgilem of fused conductor t insulated and ortginally witkouf 
ehasge a charge he communicated to A, which raises its potential 
to JP,, unity, and that of A, to n, then if tn the same system cf 
conductors a charge unity he communicated to A, and A^ he 
connected with the earth the charge induced on A, will be —n. 

If, instead of supposing the other conductors A, &c to be all 
insulated and without charge, we supposed some or all of them 
to be connected with the earth, the theorem would still he true, 
only tho value of n would be different according to the arrange- 
ment we adopted. 

This IS one of Green’s theorems. As an example of its applica- 
tion, let us suppose that we have ascertained the distribution of 
electnc charge induced on the various ]>arts of the surface of a 
conductor by a small electrified body in a given position with unit 
charge. Then by means of this theorem we can solve tho following 
problem — The potential at every point of a surface coinciding in 
position with that of the conductor being given, determine the 
potential at a point corresponding to tho 2 >osition of the small 
electrified body. 

Hence, if the potential is known at all points of any closed 
surface, it may be determined for any point within that surface if 
there be no clcctnficd body within it, and for any point outside if 
there be no electrified body outside. 


Mechanical work done hy the electnc forces during the displacement 
of a system of insulated electrified conductors. 

40.] Let .4], A^ &c. be the conductors, Aj, E^ &c. their charges, 
which, as the conductors are insulated, remain constant. Let P, , 
P^ &c. be their potentials before and P^fi &c- their potentials 
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after the dieplacement. The electrical energy of the system before 
the displacement is Q = } 2 {EP). (22) 

During the displacement the electric forces which act in the 
same direction as the displacement perform an amount of work 
equal to W, and the energy remaining in the system is 

J S {EP) (23) 

The original energy, Q, is thus transformed into the work W and 
the final energy Q', so that the equation of energy is 

Q=W+Q\ (24) 

or r= I 2 [E(P-P)-] (25) 

This expression gives the work done during any displacement, 
small or large, of an insulated system. To find the force, we must 
make the displacement so small that the configuration of the 
system is not sensibly altered thereby. The ultimate value of the 
quotient found by dividing the ivork bj' the displacement w the 
value of the force resolved in the direction of the displacement. 


Mechanical work done hy ike eleeliic fon-e during Hie dmidacemenl 
of a eyxfem of conduefort each of whiik ts kepf at a consiani 
potential 

41.] Let us begin by supposing each conductor of the system 
insulated, and that a mall disphicemeul is given to the system, bv 
which the jiotcntial is changed from F to /*,. The work done 
during this displacement is, as we have shewii, 

W=\-Z[E{P-Pf)\ (26) 

Next, let the conductors remain fixed while the charges of the con- 
ductors are altered from to E^, so as to bring back the value of 
the potential from i-'j to P Then we know by equation (7) that' 

2(.fi'P-.E,P,) = 0 (27) 

Hence, substituting for 2 {EP) in (26), 

7r=5 2[(ff,_i)P,] (28) 

Performing these two operations alternately for any number of 
times, and distinguishing each pair of operations by a sufilx, w e 
find the whole work 

7r= 7/' + 77j + &c (29) 

= i2[(P,-P)Pi] + f2[(P,-P0P] + &c (30) 

By making each of the partial displacements small enough, the 
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values of Pj, Pg See. may be made to approach without limit to P, 
the constant value of the potential, and the expression becomes 
J2 [{P,-.®)P] +^S[(P,-P,)P] + &c. + lS[(P'-P._i)P],(31) 
where P' is the value of P after th^last operation. The final result 

is therefore r=i2[(P-P)Pj (32) 

which IS an expression giving the work done during a displacement 
of any magnitude of a system of conductors, the potential of each of 
which is mamtamed constant during the displacement. 


We may write this result 

r=|S(P'P)-|2(PP) (33) 

W=Q’-Q-, (34) 


or the work done by the clectnc forces is equal to the increate of 
the elcctnc energy of the system dnnng the displacement when 
the potential of each conductor is maintained constant. When the 
ehaige of each conductor was maintained constant, the work done 
was equal to the decreate of the energy of the system. 

Hence, when the potential of each conductor is maintained con- 
stant during a displacement m which a quantity of work, W, is. 
done, the voltaic Imttenes which are employed to kcej) the poten- 
tials constant must do an amount of work equal to 2 IF. Of thin 
energy supplied to the system, half is spent in increasing the 
energy of the system, and the other half appears as mcchonicnl 
woik 



CHAPTER JV. 


THE ELECTRIC FIELD, 

42.] Wb have seen that, when an electrified body is enclosed in 
a conducting vessel, the total electrification of the interior surface 
of the surrounding vessel is invariably equal in numerical value 
but opposite in kind to that of the body. This is true, however 
large this vessel may be. It may be a room of any size havmg 
its floor, walls and ceiling of conducting matter. Its boundaries 
may bo removed further, and may consist of the surface of the 
earth, of the branches of trees, of clouds, perhaps of the extreme 
limits of the atmosphere or of the universe In every case, whero- 
ever we find an electrified insulated body, wo are sure to find at 
the boundaries of the insulating medium, wherever they may be, 
an equal amount of electrification of the opposite kind. 

This correspondence of properties between the two hmits of 
the insulating medium leads us to examine the state of this 
medium itself, in order to discover the reason why the electrifica- 
tion at its inner and outer boundaries should be thus related In 
thus directing our attention to the state of the insulating medium, 
rather than confining it to the inner conductor and the outer sur- 
face, we are following the path which led Faraday to many of his 
electrical discoveries. 

43 ] To render our conceptions more defimte, we shall begm by 
supposing a conducting body electiified positively and Insulated 
within a hollow conducting vessel The space between the body 
and the vessel is filled with air or some other insulating medium. 
Wo call it an %7UHJating medium when we regard it simply as 
retaining the charge on the surface of the electrified body. When 
we consider it as taking an important part in the manifestation 
of dectnc phenomena we shall use Fara^y’s expression, and call 
it a dteUdric medium. Finally, when we contemplate the region 
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occupied by the medium as bemg a part of space in which electric 
phenomena may be observed, we shall call this region the Electee 
Field. By using this last expression wo are not obliged to figure 
to ourselves the mode m which the dielectric medium takes part in 
the phenomena. If we afterwards wish to form a theory of the 
action of the medium, we may find the term dielectric useful. 


Explouation or'inE Electric Field. 

Experiment XI. 

(a) Exphraltm hy means cf a small electrified body. 

44 ] Electrify a small round body, a gilt pith boll, for example, 
and carry it by means of a white silk thread mto any part of the 
field. If the ball is susjicnded in such a way that the tension of 
the string exactly balances the weight of the ball, then when the 
ball IS placed in the electric field it will move under the action of a 
new force developed by the action of the electrified hall on the 
electric condition of the field. This new force tends to move the 
ball m a certain diioction, which is called the direction of the 
electromotive force. 

If the charge of the ball is varied, the force is sensibly pro- 
portional to the charge, provided this charge is not suATicicnt to 
produce a sensible disturbance of the state of electnficafion of the 
system. If the charge is positive, the force which acts on the hall 
is, on the whole, from the positively electrified body, and tomrds 
the negatively electrified walls of the room. If the charge is 
negative, the force acts in the opposite direction 

Since, therefore, the foice which acts on the ball depends partly 
on the charge of the ball and partly on its position and on the 
electefication of the system, it is convenient to regard this force as 
the product of two fectors, one being the charge of the ball, and 
the other ike electromotive force at that point of the field which us 
occupied by the centie of the ball. 

This electromotive force at the point is definite in magnitude 
and direction. A positively charged body placed there tends to 
move in the positive direction of the hne representmg the force. A 
negatively charged body tends to move in the opposite direction 
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Exfeeiuxnt XII. 

()9) Exploration by meant of tvo dislet. 

45.] But the electromotive force aot only tends to move elec- 
tnfied bodies, it also tends to transfer electrification from one part 
uf a body to another. 

Take two small equal thin metal disks, fastened to handles of 
tihellac or ebonite ; discharge them and place them face to face in 
the electric field, with their planes perpendicular to the direction of 
the electromotive force. Bring them into contact, then separate 

them and remove them, and 
test first one and then the 
other by introducing them 
into the hollow vessel of Ex- 
periment VII. It will be 
found that each is charged, 
and that if the electromotive 
force acts in the direction4.B, 
the disk on the ide of A will 
be charged negatively, and 
that on the side of B posi- 
tively, the numerical values of these charges being equal. This shews 
that there has been an actual transference of electricity from the one 
disk to the other, the direction of this transference being that of 
the electromotive force. This experiment with two disks affords a 
much more convenient method of measunng the electromotive force 
at a point than the experiment with the charged pith ball. The 
measurement of small forces is always a difficult operation, and 
becomes almost impossible when the weight of the body acted on 
forms a disturbing force and has to be got rid of by the adjust- 
ment of counterpoises. The measurement of the charges of the 
disks, on the other bond, is much more simple. 

The two disks, when in 'contact, may bo regarded as forming a 
single disk, and the fact that when separated they are found to 
have received equal and opposite charges, shews that while the 
disks were in contact there was a distnbution of electrification 
between them, the electrification of each disk being opposite to 
that of the body next to it, whether the insulated body, which is 
charged positively, or the inner surfiice of the surrounding vessel, 
which is charged negatively. 
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ELECTBIC TENSION. 
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Eleetiie Temion, 

46.] The two disks, after being brought into contact, tend to 
separate from each other, and to approach the oppositely electrified 
surfaces to which they are opposed. The force with which they 
tend to separate is proportional to the area of the disks, and it 
increases as the electromotive force increases, not, however, in the 
simple ratio of that force, but in the ratio of the square of the 
electromotive force. 

The electnfication of each disk is proportional to the electro- 
' motive force, and the mechanical force on the disk is proportional 
to its electrification and the electromotive force conjointly, that is, 
to the gquare of the electromotive force. 

This force may be accounted for if we suppose that at every 
point of the dielectric at which electromotive force exists there is 
a tension, like the tension of a stretched rope, acting in the direc- 
tion of the electromotive force, this tension being proportional to 
the square of the electromotive force at the point. This tension 
acts only on the outer ude of each disk, and not on the side which 
is turned towards the other disk, for in the space between the disks 
there is no electromotive force, and consequently no tension. 

The expression Electnc Tension has been used by some writers 
in different senses In this treatise we shall always use it in the 
sense explained above, — the tension of so many pounds’, or grams’, 
weight on the square foot exerted by the air or other dielectric 
medium in the direction of the electromotive force. 

Expkriment XIII. 

Coulomb's Proof Plane. 

47 ] If one of these disks be placed with one of its flat sur- 
faces in contact with the surface of an electrified conductor and 
then removed, it will be found to be charged. If the disk is 
very thin, and if the electrified sur&ce is so nearly flat that the 
whole Buriace of the disk lies very close to it, the charge of the disk 
will be nearly equal to that of the portion of the electrified surface 
which it covered. If the disk is thick, or does not lie very close to 
the electrified surface, its charge, when removed, will be somewhat 
greater. 

This method of ascertaining the density of electrification of a 
surface was introduced by Coulomb, and the disk when used for 
this purpose is called Coulomb’s Proof Plane. 
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[ 47 - 

The duiTge of the disk is by Experiment XII proportional to the 
electromotive force at the electrified surface. Hence the electro- 
motive force close to a conducting surface is proportional to the 
density of the electnfication at that part of the surface. 

Since the surface of the conductor is an eqnipotential surface, the 
electromotive force is perpendicular to it The fact that the elec- 
tromotive force at a point close to the surface of a conductor is 
perpendicular to the surface and proportional to the density of the 
electnfication at that point was first established expenmentally by 
Coulomb, and it is gencmlly referred to as Coulomb’s Law. 

To prove that when the proof plane coincides with the surface of 
the conductor the charge of the proof plane when removed from 
the eicctnfied conductor is equal to the charge on the part of the 
surface which it covers, we may make the following experiment. 

A sphere whose radius is 5 units is placed on an insulating 
stand. A segment of a thin sphencal shell is fastened to an in- 
sulating handle Tlie radius of the sphencal surface of the shell 
is 5, the diameter of the circular edge of the segment is 8, and the 
height of the segment is 2. When applied to the sphere it covers 
onc-(iflh jiart of its surface. A second sphere, whoso radius is 
also S, IS placed on an insulating handle. 

The first sphere is electrified, the segment is then placed in 
contact with it and removed. The second sphere is then made to 
touch the first sjihere, removed and discharged, and then made to 
touch the first sjihere again. The segment is then placed within 
a (*onducting vessel, which is discharged to earth, and then in- 
sulated and the segment removed. One of the spheres is then 
made to touch the outside of the vessel, and is found to he perfectly 
discharged. 

Let e be the electnfication of the first sphere, and let the charge 
remov ed by the segment lie tie, then the charge remaining on the 
sphere is (1— »)e The chaigc of the first sphere is then divided 
with the second sjihere, and becomes J { 1 — n) e. The second sphere 
is then discharged, and the chaige is again divided, so that the 
charge on cither sphere is | (1 — »)c The charge on the insulated 
vessel is equal and opposite to that on the segment, and it is there- 
fore — ac, and this is perfectly neutralized by the charge on one of 
the sjiheres , hence i(l —«)«+(— «c) = 0, 
from which we find « = i, 

or the eleetneity removed by the segment covering one-fifth of the 
surface of the sjihere is one-fifth of the whole charge of the sphere. 
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Experiment XIV. 

Directum of Electromothe Force at a Foint. 

48.] A convenient way of determining the direction of the elec- 
tromotive force is to suspend a small elongated conductor with its 
middle point at the given point of the field. The two ends of the 
short conductor will become oppositely electnfied, and will then bo 
drawn in opposite directions by the electromotive force, so that the 
axis of tho conductor Mill place itself in the direction of the force 
at that jioint. A short piece of fine cotton or linen thread, through 
the middle of which a fine silk fibre is jiassed, ansivers very well. 
The Bilk fibre, held by both ends, serves to carry the piece of thread 
into .uny desired position, and the thread then takes up tho direc- 
tion of the electric force at that place 


Expeiument XV. 

Potential at any Point of the Field, 

49.] Suspend two small uncharged metal balls in the field by 
silk threads, and then connect them by means of a fine metal wire 
fastened to the end of an ebonite rod Remove the wire and the 
spheres separately, and then examine the charges of the spheres. 

It will be found that the two spheres, il’ they have become 
electrified, have received etpial and opposite charges If tho poten- 
tials at the points of the lield occupied by the centres of the spheres 
are diifercnt, positive electrification will bo transferred from the 
place of high to the place of low potential, and the sphere at the 
place of high potential will thus become charged negatively, and 
that at the place of low potential will Ixicome charged positively. 
These charges may be shewn to be projiortioual to the difference of 
potentials at the two places. 

We have thus a method of determimng points of the field at 
which the potential is tho same. Place one of the spheres at 
a fixed |)oint, and move the otlier about till, on connecting the 
spheres mth a wire as before, no charge is fonnd on either sphere 
The potentials of the field at the pomts occupied by the centres of 
the spheres must now be the same. In this way a number of 
points may be found, the ^lotential at each of which is equal to that 
at a given point. 
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POTENnAI. dettbemined bt one sphere. [50. 

All these points lie on a certain surface, which is called on equi- 
fotential surface On one side of this surface the potential is 
higher, on the other it is lower, than at the snr&ce itself. 

We have seen that electricity has no tendency to flow from one 
part of such a surface to another. An electrified body, if con- 
strained BO as to be capable of moving only from one point of the 
surface to another, would be m equilibrmtn, and the force acting on 
such a body is therefore everywhere perpendicular to the equi- 
potential surface 

Expeeimext XVI. 

50] We may use one splicic only, and after placing it with its 
centre at any given point of the field we may touch it for a moment 
with a wire connectcil to the «irth. We may then remove the 
sphere and determine its charge. The charge of the sphere is pro- 
portional to the {otcntial at the given point, a positive charge, 
however, corresponding to a negative potential. 

Equipolenltal Sutfacei. 

51 ] In this way the potential at any numbv of points in the 
field may be nsccTtaiiiod, and equipotential suifacos may be sup- 
josed diawn corresponding to values of the potential represented 
by the numbois 1, 2. 3, &o. 

These surfaces will form a ecnes, each, in general, lying within 
the preceding surface and having the succeeding suiface withm it. 
No two distinct surfaces can intersect each other, though a par- 
ticular equipotential surface may consist of two or more sheets, 
lutersecting each other at certain lines or points 

The suriace of any conductor in electric equilibrium is an equi- 
potcntial surface For if the potential at one point of the con- 
ductor 18 different from that at another point, elcctrieity will flow 
from the place of higher potential to the place of lower potential 
till the potentials are rendered eijual. 

Expbxihent XVII. 

52 ] To make an experimental determination of the equipotential 
surfaces belonging to an electrified system we may nse a small 
explonng sphere permanently connected by a fine wire with one 
electrode of the electroscope, the other electrode being connected 
with the earth. Place the centre of the sphere at a given point. 
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and connect the electrodes together for an instant. The indication of 
the electroscope mil thas be reduced to zero. If the sphere is now 
mored in such a manner that the indication of the electrometer 
remains zero during the motion, the path of the centre of the 
exploring sphere will lie on an equipotcntial surface. For if it 
moves to a place of higher potential, electricity will flow fiom the 
sphere to the electroscope, and if it moves to a place of lower 
potential, electricity will flow from the electroscope to the sphere. 

If the bodies belonging to the electrified system are not perfectly 
insulated, their potentials and the potentials of the points of the 
field will tend to a])proach zero. The path in which the centre of 
the exploring sphere moves is such that its potential at any pomt 
has a given value at the time when the centre of the sphere passes 
it. The (liflTerent points of the path are not therefore on a surfaee 
which has the same potential at any one instant, for the potential 
is diminishing everywhere, and the path must therefore pass from 
surfaces of lower to surfaces of higher potential so os to make up 
for this loss 

Exi'ERIMENT XVIII. 

53.] The following method, founded on Theorem V, Art. 37, is 
therefore in many cases more convement, as it is much easiei to 
secure good insulation 
for the explonng sphere 
on an insulating handle 
than for a large electri- 
fied conductor of irregu- 
lar foim. Let it be re- 
quired to determine the 
eqnipotential surfaces 
due to the electrification 
of the conductor C placed 
on an insulatmg stand. 

Connect the conductor 
with one electrode of the 
electroscope, the other 
being connected with 
the earth. Electrify the 
explonng sphere, and, Fig 16 

cariying it by the insulating handle, bnng its centre to a given 
point. Connect the electrodes for an instant, and then move the 
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sphere in such a path that the indication of the electroscope remains 
zero. This path will lie on an equipotential surface. 

For by Theorem V, the part of the potential of the conductor C 
due to the presence of the charged exploring sphere with its centre 
at a given point is equal to the potential at the given point due to 
a charge on the conductor C equal to that of the exploring sphere. 

By this method the potential of the conductor remains zero, or 
very nearly zero, during the whole time of the experiment, so that 
there is very little tendency to change of the charge of this body. 
The exploring sjihere, on the other hand, is at a high potential, hut 
as it IS not connected by a wire with any other body, its insulation 
may be made very good. 


Litiet of Ekdrtc Force. 

54.] If the direction of the electric force at various points of the 
field be detonmnod, and if a line be drawn so that its direction at 
every point of its eoui'se coincides vrith the direction of the electric 
force at that point, such a Ime is called a Line of Force. By 
drawing a number of such lines, the direction of the force at 
different jnrts of the field may be indicated. 

The lines of force and equipotential surfaces may be drawn, not in 
the electric field itself, whore the mechanical ojieratiou of drawing 
them might jiroduce disturbance, but in a model or plan of the 
electric field, llrawings of this kind are given in Plates I to VI 
at the end of the volume. 

Since the electric force is cveiywhere perpendicular to the eqm- 
potential surfaces, the lines of force cut these surfaces everywhere 
at right angles The lines of force which meet the suriace of a 
conductor are theiefore at right angles to it. "When they issne from 
the suifacc the electiification is jiositive, and when they enter the 
surface of the conductor the electrification is negative. 

A line of force in eicij’^ part of its course passes from places of 
higher to places of lower potential. 

The extremities of tlie same line of force are called eorretponding 
points. 

The beginning of the line is a point on a positively electrified 
surface, and the end of the hnc is a corresponding point on a 
negatively electrified surface. 

The potential of the first of these surfaces must be higher than 
that of the second. 



CHAPTER V. 


Faraday’s law of lines of induction. 

55. ] Fabasay in his electrical researches employs the lines of 
force to indicate, not only the direction of the electric force at each 
point of the field, but also the quantity of electrification on any 
given portion of the electrified surface. 

If we consider a portion of an electrified surface as cut off from 
the rest by the bounding line which surroundsnt, and if from every 
point of this bounding line we draw a line of force, producing it 
till it meets the surface of some other body in a point which is 
said to corretpotid to the point of the body from which the line was 
drawn, these lines will form a tubular surface, and a ill cut off a 
certain portion from the surface of the other bodv corresponding to 
the portion of the surface of the first body, and the total electrifica- 
tions of the two corresponding portions are equal in numcncal 
magnitude but opposite in kind 

56. ] A particular instance of Faraday’s law is that which we 
have already proved by experiment, namely, that the electrification 
of the inner surface of a closed conducting vessel is equal and 
opposite to that of an electrified body placed within it. Here 
we have a relation between the whole electrification of the inner 
sur&ce and that of the opposed surface of the interior body. 
Faraday’s law asserts that, by drawing lines of force from the one 
surface to the other, points corresponding to each other in the two 
surfaces may be found ; that corresponding lines are such that any 
point of one has its corresponding point in the other ; and that the 
electrifications of the two portions of the opposed surfaces bounded 

such corresponding lines are equal anff opposite. 

57. ] We have called these lines ‘ lines of force ’ because we 
began by defining them as lines whose dneetwn at every point 
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Faraday’s law of lines of induction. [58. 

coincides with that of the electric force. Every line of force 
begins at a positively electrified surface and ends at a negatively 
electrified surface, and the points of these surfiMses at which it 
begins and ends are called eorre*}iondiug points. 

A system of lines of force forming a tubular sur&ce closed at 
the one end by a portion of the positively electrified sur&ce and 
at the other by the corresponding portion of the negative surface, 
is called by Faraday a Tube of Induction, because electric induction, 
according to Faraday, is that condition of the dielectric by which 
the electrifications of the opposed surfaces are placed in that 
physical relation to one another, which we express by saying that 
their electrifications are equal and opposite. 

Tropertiet of a Tube tf Induction. 

.^8] (1) The electrification of the jwrtion of the positively 
electrified surface from which the tube of induction proceeds is 
e<iual in numerical value but opposite in sign to the negative 
elcetnficntion of th6 portion of the sur£ice at which the tube of 
induction terminates 

Uy dividing the positive surface into portions, the electnfication 
of rnch of which is unity, and drawing tubes corresponding to 
wch portion, wc obtain a system of nntt tubes, which will be very 
convenient in dcsenlnng eh'ctne phenomena For in this ease 
the electnfication of any surface is measured by the number of 
tubes which nbnt on it If they proceed fwm the sui&ee, this 
number is to lie taken as rejirescnling tlie potuiive electrification ; 
if the tubes terminate at the surface, the electrification is negative. 

It IS in this sense that Faraday so often speaks of the number of 
lines of force w Inch fill on a given area. 

If w e suppose an imaginary surface drawn in the electric field, 
then the quantity of electrostatic induction through this surface 
IS measured bv the number of tubes of induction which pass 
through it, and is reckoned positive or negative accordingly as 
the tubes pass through it in the positive or negative direction. 

Note. Ey an imaginary sur&ce is meant a surface which has 
no physical existence, but which may bo imagined to exist in 
space without interfering with the physical properties of the sub- 
stance which occupies that space. Thus we may imagine a vertical 
plane diiiding a man’s head longitudinally into two equal parts, 
and by means of this imaginary surface we may render our ideas 
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of the form of his head more precise, thoagh any attempt to con- 
vert this imaginary surface into a physical one would be cnminal 
Imaginary quantities, such as are mentioned in treatises on 
analytical g^metry, have no place in physical science. 

59.] In every part of the course of a line of electrostatic in- 
duction it is passing from places of higher to places of lower 
potential, and in a direction at right angles to the equipotential 
surfaces which it cuts. 

We have seen that the electric field is divided by the equi- 
potential surfaces into a senes of shellb, like the coats of on onion, 
the thickness of each shell at any point being inversely as the 
electric force at that point. 

We have now divided the electric field into a system of unit 
tubes of induction, the section of each tube at any point varying 
inversely as the intensity of the electne induction at that point 

Each of these tubes is cut by the equipotential surfaces into a 
number of segments which we may call unit cells. 

60 ] If we take the simplest ease — that of a single jiositively 
electrified body placed within a closed conducting vessel all the 
tubes of induction begin at the jiositively electrified body and end 
at the negatively electnfiod inner surface of the vessel The 
number of these tubes, since they are unit-tubes, is equal to the 
number of electneal units in the chaige of the electrified body 
Each of them cuts all the cqmjKitcntial surfaces which enclose 
the electrified body and are encloocd by the vessel. Each tube, 
therefore, is divided into a number of cells representing the ditfer- 
ence of the jjotential of the electrified body fioin that of the vessel 
If e IS the charge of the body and }> its potential. Tj and/* being the 
charge and potential of the vessel, the whole number of cells is 

or, since E = —e, we may write this expression 

ej) + EP. 

Now this is double of the expression which we formerly obtained 
for the electrical energy of the system (see Art 31). Hence in 
this simple case the number of cells is doable the number of units 
of energy in tbe system 

If there are several electrified bodies, J, B, C, &c , the tubes 
of induction proceeding from one of them. A, may abut either 
on tbe inner surface of the surrounding vessel or on one of the 
other electrified bodies. 
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Let E^, Ej, E^ be the charges of A, B, C and Pj, Pj, P, their 
potentials, the charge and potential of the vessel being PJ, and Pq. 

Let Eab, Eac, Eao denote the number of tubes of induction 
which pass from A to the conductors B and C and the vessel 0, 
respectively. Then the whole number of cells will be 

Eab (Pi - Pj) + F.AC (P, - Ps) + ( A - -Po). 

+ Ebc (P 2 — P 3 ) + Pao (Pj — Po)i 
+ P(,o(P 5— Pj). 

By arranging the terms according to the potentials involved in 
them, and remembering that since Eab denotes the number of 
tubes which pass from A to P, Eba must denote the number 
which pass from Bio A and therefore 

Eba = —Eab) 

the expression may be written 

P 1 {Eab + Par+ P ao). 

+ P 2 (Pm ' + Pao + Eba )> 

+ P3 (P( 0 + Eca + Ecu), 

+ P c(E(h+Eob-¥Eoi) 

Now PijB + P. 4 e+P^o w tho whole number of tubes issuing from 
A and this thereforo is equal to P,, the charge of A, and the co- 
efficients of the other potentials are also the charges of the bodies 
to which they refer, so that tho final expression is 

Po-^Q+A^i+Pi-^'i + Pi 
and this is double tho energy of the system. 

Hence, whether there is one electiified body or several, the num- 
lier of cells is twice the number of units of electrical energy in the 
system. 

61.] This remarkable correspondence between the number of cells 
into which the tubes of induction are cut by the equipotential sur- 
faces, and the elect ncal energy of the s 3 'stem, leads us to enquire 
whether the electrical energy may not have its true seat in the 
dielectric medium which is thus cut up into cells, each cell being a 
liortion of the medium in w hich half a unit of energy is stored up. 
Wc have only to suppose that the electromotive force, when it acts 
on a dielectric, puts it into a certain state of constraint, from which 
it is always endeavouring to relieve itself. 

To make our conception of what takes place more precise, let ns 
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consider a single cell belon^ingp to a tube of induction proceedings 
from a positively electrified body, the cell being bounded by two 
consecutive eqnipotential surfiices surrounding the body. 

We know that there is an electromotive force acting outwards 
from the electrified body. This force, if it acted on a conducting 
medium, would produce a current of electricity which would last as 
long as the force continued to 
act. The medium however is 
a non-conducting or dielectric 
medium, and the effect of the 
electromotive force is to produce 
what we may call electric dis- 
placement, that is to ear, the 
electricity is forced outwards in 
the direction of the electromo- 
tive force, but its condition when 
so displaced is such that, as soon 
as the electromotive force is removed, the electricity resumes the 
position which it had before displacement 

The amount of eloctne displacement is measured by the quantity 
of electricity which crosses an imaginary fixed surface drawn parallel 
to the cquipotential surfaces. 

We know absolutely nothing with respect to the distance through 
which any particular portion of electricity is displaced from its 
original position The only thing we know is the quantity which 
crosses a given surface The greater the amount of electricity 
which wo suppose to exist, say, in a cubic inch, the smaller the 
distance through which we must suppose it displaced in order that 
a given quantity of electricity may be displaced across a square 
inch of area fixed in the medium. It is probable that the actual 
motion of displacement is exceedingly small, in which case wo must 
suppose the quantity of elcctncity in a cubic inch of the medium to 
be exceedingly great If this is really the case the actual velocity 
of electricity in a telegraph wire may bo very small, loss, sav, than 
the hundredth of an inch in an hour, though the signals which it 
transmits may be propagated with great velocity. 

62 ] The displacement across any section of a unit tube of in- 
duction is one unit of electricity and the direction of the displace- 
ment IS that of the electromotive force, namely, from places of 
higher to places of lower potential. 

Besides the electric displacement within the cell we have to 

E 
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consideT the slate of the two ends of the cell which are formed hy 
the eqnipotential surfaces. We must suppose that in every cell the 
end formed by the surface of higher potential is coated with one 
unit of positive electricity, the opposite end, that formed 1^ the 
surface of lower potential, being coated with one unit of negative 
electricity In the interior of the medium where the positive end 
of one cell is in contact with the negative end of the next, these 
two electrifications exactly neutralise each other, but where the 
dielectric medium is bounded by a conductor, the electrification is 
no longer neutralised, bnt constitutes the observed electrification at 
the surface of the conductor. 

According to this view of electrification, we must regard electri- 
fication as a property of the dielectric medium rather than of the 
conductor which is bounded by it 

63] If we further admit that in every part of a dielectric 
medium through which electric induction is taking place there is 
a tension, like that of a rope, in the direction of the lines of force, 
and a pressure in all directions at nght angles to the lines of force, 
wo may account for all the mechanical actions which take place 
between electrified bodies 

The tension, referred to unit of surface, is proportional to the 
square of the electromotive force at the point. The pressure has 
the same numerical value, but is, of course, opposite in sign 

In my larger treatise on electricity a proof is given of the fact 
that a svstem of stress such as is here described is consistent with 
the equilibrium of a fluid dielectnc medium, and that this state of 
stress in the meibum is mechanically equivalent to the attraction 
or repubion which electrified bodies manifest. 

I have not. however, attempted, by any hypothesis as to the inter- 
nal constitution of the dielectnc medium, to explain in what way the 
electric displuccmont causes or is associated with this state of stress. 

We haic thus, by means of the tubes of induction and the 
eqnipotential surfaces, constructed a geometrical model of the field 
of electric force. Diagrams of particular cases are given in the 
figures at the end of this book 

The direction and magnitude of the electric force at any point 
may be indicated either by means of the cquipotential surfaces or 
by means of the tubes of induction. Hence, when it is expressed 
in both wajs, we may by the study of the relation between the 
eqnipotential surfaces and the tubes of induction deduce important 
theorems in the theory of electneity. 



64 .] ANALOGIES BETWEEN ELECTROSTATICS AND HEAT. 51 


On He nee P^ytical Aualogtee. 


64.] In many cases the relations of the phenomena in two 
different physical questions have a certain similarity which enables 
us, when we have solved one of these questions, to make use of our 
solution in answering the other. The similarity which constitutes 
the analogy is not between the phenomena themselves, but be- 
tween the relations of these phenomena. 

To begin with a ease of extreme simplicity ; — ^a person slow at 
arithmetic having to find the price of 52 yards of cotton at 7 pence 
a yard, if he happened to rcmcmlier that there are 52 weeks and a 
day in a year of 365 days, might at once give the answer, 364 
pence, without performing the calculation Hero there is no re- 
semblance whatever between the quantities themselves — the weeks 
and the yards of cotton, — the sole resemblance is beween the arith- 
metical relations of these quantities to others in the same question. 

The analogy between cleetrostatie phenomena and those of the 
uniform conduction of heat in sohd bodies was first pointed out by 
Sir W. Thomson in a paper ‘ On the Uniform Motion of Heat in 
Homogeneous Solid Bodies, and its connection with the Mathema- 
tical Theory of Electricity,’ published in the Camhndge Malhemaitcal 
Journal^ Feb 1842 , repnnted in the Vhd. Maq 1854, and in the 
reprint of Thomson’s papers on Eleefroetatice and Magnettem. The 
analogy is of the following nature • — 


EleclroitaUcs 

The electric field 

A dielectnc jnedinm 

The electnc potential at different points 
of tfae field 

The electromotive force 'which tends to 
move positiTolj electrified bodies from 
places of higher to places of lower po- 
tential 

A eondiicting body 

The positively electrified surface of a con 
ductor 

Ae negatively electrified surface of a 
conductor 

A positively electrified body 

A negatively electrified body 

An equipotential surface 

A line or tube of induction 


ITeat 

An unequally heated body 

A liody which conducts heat 

The temperature at different points in the 
body 

The flow of heat by conduction from 
}>laceB of higher to places of lower 
temperature 

A perfect conductor of heat 

A surface through which heat flows into 
the body 

A surface through which heat escapes 
from the body. 

A source of heat 

A Binh of heat, that is, a place at which 
beat disappears from the body 

An isothermal surface 

A line or tube of flow of heat 


By a judicious use of this analogy and other analogies of the 
same nature the progress of physical science has been greatly as- 
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aisted. In order to avoid the dangers of cmde hypotheses we must 
study the true nature of analogies of this kind. We must not con- 
clude from the partial similarity of some of the relations of the 
phenomena of heat and electricity that there is any real physical 
similarity between the causes of these phenomena. The similarity 
IS a similarity between relations, not a similarity between the things 
related. 

This similarity is so complete as far as it goes that any result we 
may have obtained either about electricity or about the conduction 
of heat may be at once translated out of the language of the one 
science info that of the other without fear of error ; and in pursuing 
our investigations in either snly^ we are at liberty to make use 
of the ideas belonging to the other, if by so doing we are enabled 
to see more clearly the connection between one step and another of 
the reasoning 

We must bear in mind that at the time when Sir W. Thomson 
])Ointcd out the analogy between electrostatic and thermal phe- 
nomena men of science were as firmly convinced that elcctnc at- 
traction Has a dim-t action between distant bodies as that the 
eonduetion of heat was the continuous flow of a matcnal fluid 
through a solid body The dissimilarity, therefore, between the 
things themselves appeared far greater to the men of that time than 
to the readers of this book, who, unless they have been previonsly 
instrneted, have not yet learned cither that heat is a fluid or that 
electricity acts at a distance 

65 ] Hut H e must now consider the limits of the analogy — the 
points he) ond which we must not push it 

In the first place, it is only a particular class of cases of the 
eonduetion of heat that h.ive analogous cases in electrostatics. In 
general, when heat is flowing through a body it causes the tempera- 
ture of some parts of the body to rise and that of others to fall, 
and the flow of heat, which dejiends on the relation of these tempera- 
tures, 18 therefore vaiiabte If the supply of heat is maintained 
uniform, the temperatures of the diflercnt parts of the body tend to 
adjust themselves to a state in which they remain constant. The 
quantity of heat which enters any given portion of the body is then 
etaotly equal to that which leaves it during the same lime. Under 
these circ'umstances the flow of heat is said to be steady. 

Now the analogy with electric phenomena apphes to the steady 
flow' of heat only Tlie more general case, that of variable flow of 
heat, has nothing in electrostatics analogous to it. Even the re- 
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stricted case of steady flow of heat difleis in a most important 
element from the electrostatic analegne. The steady flow of heat 
must be kept up by the continual supply of heat at a constant rate 
and the continual withdrai\al of heat at an equal rate. This in- 
volves a continual expenditure of energy to maintain the flow of 
heat in a constant state, so that though the state of the body 
remains constant and indejiendent of time, the element of tune 
enteis into the calculation of the amount of heat required. 

The element of time docs not enter into the coivesponding east' 
m electrostatics. So far as we know, a set of electrified bodies 
placed in a perfectly insulating medium might remam electrified 
for ever without a supply of an 3 fthing from external sources. 
There is nothing in this case to which we can apply the term 
‘flow,’ which we apply to the ease of the tiausmission of heat 
with the same propriety that we ajtply it to the case of a current 
of electricity, of water, or of time itself. 

66 ] Another limitation to the analogy is that the temperature 
of a body cannot be altered without altering its physical state. 
The density, conductivity, elcetnc properties, &c all vary when the 
temperature rises. 

The elcctncal potential, however, which is the analogue of tcni- 
poratnre is a mere scientific concept. We have no reason to 
regard it as denoting a phjsical state If a number of bodies 
are placed within a hollow metallic vessel which coniplitely sur- 
rounds them, we may charge the outer surface of the vessel and 
discharge it as we please without pi educing any physical eflecl. 
whatever on the bodies within liut we know that the clcctnc 
potential of the enclosed bodies rises and falls with that of the 
vessel. This may be proved by passing a conductor connected 
to the earth through a hole in the vessel. The relation of the 
enclosed bodies to this conductor will be altered by chaiging and 
discharging the vessel But if the conductor be removed, the 
simultaneous rise and fall of tho jiotentials of the bodies in the 
vessel is not attended with any physical effect whatever. 

67.] Faraday* proved this by constiucting a hollow cube, twelve 
feet in the side, covered with good conducting materials, insulated 
from the ground and highly electrified by a powerful machine 
‘ I went into this cube,’ he says, ‘ and lived in it, but though 1 
used lighted candles, electrometers, and all other tests of elcctncal 
states, I could not find the least influence upon them, or indication 
* Exp Set 1173. 
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of anything particular given by them, though all the time the 
outside of the cube was powerfuUy charged and large sparks and 
brushes were starting off from every part of its outer sur&ce.’ 

It appears, therefore, that the most sudden changes of potential 
produce no physical effects on matter, live or dead, provided these 
changes take place simultaneously on all the bodies m the field. 

If Faraday, instead of raising his cube to a high electiic potential, 
had raised it to a high temperature, the result, as we know, would 
have been veiy difierent. 

68 ] It appears, therefore, that the analogy l)etween the con- 
duction of heat and electrostatic phenomena has its limits, beyond 
which we must not attempt to push it. At the time when it was 
pointed out by Thomson, men of science were already acquainted 
with the gicat work of Fourier on the conduetion of heat in solid 
liodies, and their minds were more familiar with the ideas there 
developed than with those belonging to current electricity, or to 
the theory of the displacements of a medium. 

It IS true that Ohm hod, in 1827, applied the results obtained 
by Fourier for heat to the theory of tlie distribution of eleetric 
cuiionts in conductors, but it was long before the practical value 
of Ohm's work was understood, and till men became familiar with 
the idea of electric cuirents in solid conductors, any illustration of 
electrostatic phenomena diawn from such currents w onld have served 
lather to obscuie than to enlighten their mmds 

69 ] When an electric current flows through a solid conductor, 
the diicction of tlic curient at any point is from places of higher 
to places of lower potential, and its intensity is proportional to the 
rate at which the potential decreases from point to point of a line 
diuw n in the direction of the cuirent. 

We may suppose cquipotential surfaces drawn in the conducting 
medium. The lines of flow of the current are evcrywheic at right 
angles to the equijiotential surfaces, and the rate of flow is pro- 
jiortional to the number of e({ui]>otential surfaces which would be 
cut by a line of unit length drawn in the direction of the current. 

It ajipears, therefore, that this case of a conductmg medium 
through which an electric current is passing has certain points 
of analogy with that of a dielectnc medium bounded by electnfied 
bodies. 

In both the medium is divided into layers by a senes of equi- 
putential surfaces. In both there is a system of bnes which are 
everywhere perpendicular to these surfiices. In the one case these 
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lines are called cnn-ent lines or lines of flow; in the other they 
are called lines of electric force or electric induction. 

An assemblag^e of such lines drawn from evciy point of a {^ven 
line IS called a surface of flow. Siuce the lines of which this 
surikce is formed are eveiywhere in the direction of the electric 
current, no part of the cuirent passes through the surface of flow. 
Such a surface therefore taiy be regarded as impervious to the 
current without in any way altering the state of things. 

If the line from which the assemblage of lines of flow is draw n 
18 one which returns into itself, which we shall call a doied curve, 
or, more biiefly, a nng, the surface of flow will have the form of a 
tube and is called a tube of flow. Any two sections of the same 
tube of flow correspond to each other in the sense delined m Art. St, 
and the quantities of electricity which in the same time flow across 
these two sections arc equal 

Here then we have the analogue of Faraday's law, that the 
quantities of elcctnctfy upon corresponding areas of opposed con- 
ducting surfaces are ccjual and oiqHHnte. 

Faraday made great use of this analogy lictween olictrostatic 
phenomena and those of the electric cunent, or, as he exprcssid 
it, between induction in dielectrics and conduction m conductors, 
and he proved that, in many oases, induction and conduction are 
associated phenomena Aurp lie* 1320, 132b. 

We must remember, however, that the electric current cannot 
be maintained constant thiough a condnctoi which resists its 
passage except by a continual expenditure of eneigy, whereas 
induction in a peifcctly insulating dieUctnc betw'cen ojipositely 
electrified conductors may be maintained in it for an indefinitely 
long time without any cxi>enditure of energy, except that which 
IS required to produce the onginal electrification. The element of 
time enters into the question of conduction in a way in which it 
docs not appear in that of induction. 

70.] Hut w'e may amve at a more perfect mental representation 
of mduction by comparing it, not with the instantaneous state of 
a current, but with the small displacements of a medium of in- 
variable density. 

Returning to the case of an electric cuirent through a solid 
conductor, let us suppose that tlie current, after flowing for a 
very short time, ceases. If we consider a surface drawn within 
the sohd, then if this surface intersects the tubes of flow, a certain 
quantity of electricity will have passed firom one side of the surface 
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to the other during the time when the current was flowing. This 
passage of electricity through the surface is called electric die- 
plaeemeut, and the displacement through a given surface is the 
quantity of elcctncity which passes through it. In the case of 
a continuous current the displacement increases contmuously as 
long as the current is kept up, but if the current lasts for a finite 
tune, the displacement reaches its final value and then remains 
constant. The lines, surfaces, and tubes of flow of the transient 
current are also lines, surfaces, and tubes of displacement. The 
displacements across any two sections of the same tube of dis- 
placement are equal. At the beginning of each unit tube of 
displacement there is a unit of positive electricity, and at the end 
of the tube there is a unit of negative electricity. 

At every point of the medium there is a state of stress con- 
sisting of a tension in the direction of the line of displacement 
through the point and a pressure in all dircetions at right angles 
to this line The numerical value of the tension is equal to that 
of the pioBsurc, namely, the square of the intensity of the electnc 
force divided by 4 w. 

71 ] By the consideration of the propeities of the tubes of 
induction and the equiiiotential surfaces we may easily prove 
several important general theorems in the theory of electricity, 
the demonstration of which by the older methods is long and 
difficult. The properties of a tube of induction have already 
been stated, but for the sake of what follows wc may state them 
again • — 

(1) If a tube of induction is cut by an imaginary surface, the 
quantity of electricity displaced across a section of the tube is the 
same at whatever jiart of the tube the section be made. 

(2) In every part of the couise of a line of electrostatic force 
it cuts the equipotcutial surfaces at nght angles, and is pioceeding 
from a place of higher to a place of lower potential. 

Hole. This statement is true only when the distribution of 
clectiic foico can be completely represented by means of a set of 
equijiotential surfaces. This is always the case when the electneity 
IS in ciiuilibriuni, but when there are electnc cunents, though in 
some parts of the field it may bo possible to draw a set of equi- 
potcntial surfaces, there are other parts of the field where the 
distnbiition of electnc force cannot be represented by means of 
such surfaces For an electric current is always of the nature of 
a circuit which returns mto itself, and such a circmt cannot in 
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every part of its coarse be proceeding from places of higher to 
places of lower potential. 

72. ] It may bo observed that in (1) we have used the words 
‘tube of induction,’ and in (2) the words ‘line of electrostatic 
force ’ In a fluid dielectric, such as air, the line of electrostatic 
force IS always in the same direction as the tube of induction, and 
it may seem pedantic to mamtain a distinction between them. 
There are other cases, however, in which it is very important to 
remember that a tube of induction is defined with respect to the 
phenomenon which we have catted olectiic displacement, while a 
line of force is defined with respect to the clectnc force In flmds 
the electnc displacement is always in the direction of the electric 
force, but there are solid bodies in which this is nut the case*, and 
in which, therefore, the tubes of mduction do not coincide in direc- 
tion with the lines of force. 

73. ] It follows fiom (1) tliat every tube of induction begins 
at a place where there is a certain quantity of positive olectncity 
and ends at a place whore there is an equal quantity of negative 
electricity, and that, conversely, from any place where there is posi- 
tive electricity a tube may be drawn, and that whciovcr there is 
negative electricity a tube must terminate. 

74 ] It follows from (2) that the potential at the beginning of a 
tube IS higher than at the end of it. Hence, no tube can return 
into itself, for in that case the same point w'ould have two different 
potentials, which is impossible 

75] From this we may prove that if the potential at every 
point of a closed surface is the same, and if there is no electrified 
body within that suiface, the potential at any point within the 
region enclosed within the closed surface is the some as that at 
the surface. 

For if theie were any diflerencc of potential between one point 
and another within this region, there would be lines of force from 
the places of higher towards the places of lower potential These 
Imes, as we have seen, cannot return into themselves Hence they 
must have their extremities cither within the legion or without it. 
Neither extremity of a line of force can be within the region, for 
there must be positive electrification at the beginning and negative 
electiification at the end of a line of force, but by our hypothesis 
there IS no electrification within the region. On the other hand, a 

* See the ezperunents of Boltzmann on cryetali of sulphur Vienna Sitsuugbb 
9 Jan 1873 
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line of force within the region cannot have its extremities without 
the region, for in that case it mast enter the region at one point 
of the snrface and leave it at another, and therefore by (2) the 
potential mast be higher at the point of entry than at the point 
of issue, which is contrarv to our hypotbesis that the potential is 
the same at every iwint of the surface. 

Hence no hue of force can exist within the region, and therefore 
the potential at any point within the region is the same as that at 
the surface itself. 

76 ] It follows from this theorem, that if the closed sur&ce is 
the internal surface of a hollow conductmg vessel, and if no elec- 
tnhed body is within the surface, there is no clcctnCcation on the 
internal surface I'or if there were, lines of force would proceed 
from the electrified parts of the surface into the region within, 
and we have already proved that there are no lines of foree in 
that region. 

Wo have alieady proved this by experiment (Art 20), but we 
now see that it is a necessary consequence of the properties of 
lines of force. 


SujierpoiUtoH of electric tyeteme. 

77. ] We have uheady (Art 29) given some examples of the 
sujierposition of electric ctfects, but wo must now state the principle 
of superposition more ddmitely. 

If the eame sj/etem ut eUrtrifed in three different ways, (hen if the 
potential at any point in the third ca»e is (he gum of the potentiate in 
the fiiet and eccond coeeg, the eleetnjication of any part of the eyetem 
in the third cage vill be the gum of the electrificat long of the game part 
in the fret and gecoud caeeg. 

By reversing the sign of the electniications and potentials in 
one of these eases, we may enunciate the principle with respect 
to the case in which the potential and the olectnfication are at 
every pomt the excess of what they are in the first case over what 
they are in the eccond. 

78. ] W^e may now establish a theorem which is of the greatest 
importance in the theory of electricity. 

If the electric field under consideration consist of a finite portion 
of a dielectric medium, and if at every point of the boundary of 
this region the potential is given, and if the distribution of electri- 
fication within the region be also given, then the potential at any 
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point within the region can have one and only one value consistent 
with these conditions. 

One value at least of the potential must be possible, because the 
conditions of the theorem aio physically possible Again, if at 
any point two values of the potential were possible, then by 
taking the excess of the first value over the second for every 
point of the system, a third case might be formed in which the 
jiotential is every where the excess of the first case above the second. 
At the boundaiy of the legion the potential in the third case is 
every wheie zero. Within the region the electrification is every- 
where zero Hence, by (Art 75), at every point within the region 
the potential in the thud lase is zeio. 

There is, therefore, no diilcicnce between the distribution of 
potential in the first ease and in the second, or, in other woids, 
the potential at any point withm the region can have only one 
value 

If in any case we can find a distiibution of potential which 
satisfies the given conditions, then by this theorem we are assured 
that this distiibution is the only possible solution of the problem. 
Hence the importance of this theorem in the theory of eloLtncity. 

79.] Foi instance, let A lie an eketrified bod,v and let Ji be 
one of the equipotential suifi.ecs surrounding the bwly Let the 
potential of the suifacc li bo equal to P. Now 
let a conducting body be constiucted and placed 
so that its external suifacc coincides with the 
closed Eur&ce B, and let it be so clcctnficd that 
its potential is P. Then the ccmditions of the 
region outside B are the same as when it was 
acted on by the body A only. For the jiotential *"‘15 
over the whole bounding surface of the region is P, the same as 
before, and whatcvei electrified bodies exist outside of B remain 
unchanged. Hence the jiotential at every jioint outside of B may, 
consistently with the conditions, be the same as before. By our 
theorem, therefore, the jiotential at every point outside B mud be 
the same, when, instead of the body A, we have a conducting 
surface B, raised to the jiotential P 

80 ] The charge of every part of the surface of a conductor is 
of the same sign as its potential, unless there is another body 
m the field whose potential is of the same sigpn but numerically 
greater. 

Let 118 suppose the potential of the body to be positive ; then, 
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if on apy part of its surface there is negative electricity, lines of 
force must terminate on this part of the surface, and these lines 
of force must begin at some electrified surface whose potential is 
higher than that of the body. Hence, if there is no other body 
whose potential is higher than that of the given body, no part 
of the surface of the given body can be charged with negative 
electricity 

If an uninsulated conductor is placed in the same field with a 
charged conductor, the charge on every part of the surfeee of 
the uninsulated conductor is of the opposite sign to the charge of 
the charged conductor. 

Tor since the potential of the uninsulated body is zero, there 
can be no line of force between it and the walls of the room, or 
infinite space where the potential is always zero. The Imc of force 
which has one end at any pomt of the surface of this body must 
therefore have its other end^at some point of the charged body, 
and since the two extremities of a line of force are oppositely 
electrified, the electrification of the surface of the uninsulated body 
must lie everywhere opiwsitc to the charge of the charged body. 

The charged body in tins experiment is called the Inductor, and 
the other liody the induced body. 

When the induced body is uninsulated, the electricity spread 
over e^eiy part of its suii'ace is, as we have just proved, of the 
opjHisitc sign to that of the inductor. 

The total charge, A i, of the induced body, which w'e may call J, 
may be found by multiplying i'«, the potential of the inductor £, 
hy QiijIj the mutual coefficient of induction between the bodies, 
which IS always a negative quantity. 

This ck>ctntifation induced on an uninsulated body is called 
by some wnters on electricity the Induced Electrification of the 
First Species. Since the potential of A is already zero, it is 
manifest that if any pnit of its surface is touched by a tine wire 
communicating with the ground there will be no discharge. 

Next, let us supjKise that the body. A, instead of being unin- 
sulated is insulated, but originally witliout charge Under the 
action of the inductor £ part of its surface, on the side next to £, 
will become electrified oppositely to £, but since the algebraic 
sum of its electrification is zero, some other part of its surface must 
be electrified similarly to £. 

This electnfication, of the same name os that of £, is called by 
writers on electricity the Induced Electrification of the Second 
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Species. If a wire connected with the ground be now made to 
touch any part of the surface of A, electricity of the same name 
as that of £ will be discharged, its amount being equal and op- 
posite to the negative charge (of the first, species) which remains 
on the body A, which is now reduced to potential zero. 

In order to obtain a clearer idea of the distribution of electricity 
on the surface of A under various conditions, let us begin by 
supposing the potential of .<4 to be zero and that of J? to be unity. 
Let the surface-density at a given point £ on the surface of A 
be — Cl, and let the whole charge of A be— The negative 
sign is prefixed to the symbols of these (quantities because the 
quantities themselves are always negative 

The charge of B in this case is ^ 

Let ns next suppose the potential of A to be unity and that of B 
to be zero, and let the surface-density at the point P be now o-j, and 
the whole charge on. A, g 4 

These quantities are Iwth essentially positive, and gi is oalh'd 
the eapanf^ of A, The \alue of both is increased on account of 
the presence of S in th(;,field 

Let ns now suppose that the potentials of A and B are and 
Pb respectively ; then the surface-density at the point P is 
(T — Pait„—Pb o-p 

and the charge of A le Ba = Pa gA — Bn gAm 

and that of B is Bu — Pb gn—^A gAB [See Art. 39 ] 

If A IS insulate and without charged Ea = 0, which gives 



and the surface-density at P is 

'r= ~{qAS<Ti-qAiri). 
gA 

On a region of the surfiice of A next to B, it will be of the 
opposite sign from Pb , and on a region on the other side from B, 
(T will be of the same sign with Pp The boundaiy between these 
two regions forms what is called the neutral line, the form and 
position of which depend on the form and position of A and B. 
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TARTICULAR CASE8 OP ELECTRIFICATION. 


81 ] A spiiEiiTctL conductor is electnfied and insulated within 
the concentric spherical internal surface of a conducting vessel. 

On account of the perfect 83 ’-mmet.ry of this system in all direc- 
tions, it is manifest thit the distribution of electricity will he 
nnifoi-m over each of the opposed spherical surfaces, that the lines 
of force will he in the directions passing throuffh the common 
centre of the siihercs, and that the cqiiipotential surfaces will be 
spheres having this point for their centre 
If e is the quantity of eleetncity on the inner sphere and Tj that on 
the internal surface of the outer sphere, the'n by Experiment VIII 

( 1 ) 

If f and J? are the radii of the spheres, s and 8 their surfaces, 
and <T and 2 the surface-densities of the electricity on those 
surfaces, then by geometry. 


e=4irj^, 5=4irIP (2) 

where TT denotes the ratio of the circumference of a circle to its 
diameter 

The whole eharare on either sphere is found by multiplying the 
Burikee into the surface-density, or 

c=S(T, E = 81 (3) 


Hence, 



E 


(4) 


and by (1), 



( 5 ) 


It appears, therefore, that when the charge, e, of the inner 
sphere is given, the surface-density, 2, on the internal surface of 
the ves-sel is inversely as the square of the distance of that surface 
from the eentre of the electrified sphere. 

Hence by Coulomb's law (Experiment XIII, Art. 47) the elec- 
tromotive force at the outer spherical surface is inversely as the 
square of the distance from the centre of the sphere. 
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83.] EtECTROSTATIC UNIT OF ELECTEICITY. 

This is the law according to which the electric force varies 
at dififerent distances from a sphere uniformly electrified. The 
amount of the force is independent of the radius of the inner 
electrified sphere, and depends only on the whole charge upon it. 
If we suppose the radius of the inner sphere to become vniy! small 
till at last the sphere cannot be distinguished from a point, we 
may imagine the whole charge concentrated at this point, and 
we may then express our result by saying that the electric 
action of a uniformly electrified sphere at any point outside the 
sphere is the same as that of the whole charge of the sphere would 
be if concentrated at the centre of the sphere. 

We must bear in mind, however, that it is physically impossible 
to charge the small sphere with more than a certain quantity of 
electricity on each unit of area of its surface If the surface- 
density exceed this limit, electncily will fly off in the form of the 
brush discharge. Hence the idea of an electrified point is a mere 
mathematical fiction which can never be realised in nature. The 
imaginary charge concentrated at the centre of the sphere, which 
produces an effect outside the sphere equivalent to that of the 
actual distribution of electricity on the surface, is called the 
Klectneal Image of that distnbution See Art. ^0. 

hfeamrement nf T.heincify 

83 ] We have already described methods of comparing the 
quantity of electrification on different bodies, but in each case we 
have only compared one quantity of electricity with another, 
without determining the absolute value of either. To determine 
the absolute value of an electne charge we must comiiare it with 
some defimte quantity of electricity, which we assume as a unit. 

The unit of electncity adopted in electrostatics is that quantity 
of positive or vitreous electricity which, if concentrated in a point, 
and placed at the unit of distance from an equal charge, also 
concentrated in a point, w'ould repel it wuth the unit of mechanical 
force. The dielectric medium between the two charged points is 
supposed to be air. 

83.] Let us now suppose two bodies, whose dimensions are small 
compared with the distance between them, to bo charged with 
electricity. Let the charge of the first body be e units of electri- 
city and that of the second e' units, and let the distance between 
the bodies be r. 
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ELECTROMOTIVE FORCE AT A POINT. 


[84. 


Then, since the force varies inversely as the sqnare of the 
distance, the force with which each unit of electricity in the 
first body repels each unit of electricity in the second body will 



and since the number of pairs of units, one in each body. 


is fe', the whole repulsion between the bodies will be 



If the cbar^fe of the first or the second body is neg-ative we 
must consider « or e' negative. If the one charge is positive and 
the other negative, / will be negative, or the force between the 
liodies will be an attraction instead of n repulsion If the charges 
are both positive or both negative, the force between the bodies 
will be a repulsion. 

Befmifhon — The electric or electromotive force at a point 
is the force which would be experienced by a small body charged 
with the unit of jiositivo eleetncity and placed at that point, the 
cleetrification of the system being supposed to remain undisturbed 
bv the presence of this unit of electricity 

We shall use the German letter (S as the symbol of electric 
force # 

85 ] Let ns now return to the cose of a sphere whoso radius 
IS r, the external surface of which is uniformly electrified, the 
surface-density of the electrification being ir. As wo have already 
l)roved, the whole charge of the sphere is 

e = 4 177^0-. 

At any point outside the sphere such that the distance from 
the centre of the sjihere is / the electromotive force, 6, is directed 
from the centre, and its value is 



If the point is close to the surface of the sphere, r' = r, and 



4 irer. 


or the eleetnc force close to the surface of an electrified sphere is 
at right angles to the surface and is equal to the surface-density 
multiplied by 4 ir. 

We have already seen that in all cases the electric force close 
to the surface of a conductor is at right angles to that surface, and 
is proportional to the surface-density. We now, by means of this 
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particular case, find that the constant ratio of the electric force 
to the Burface-density is 4 ir for a uniformly electrified sphere, and 
therefore this is the ratio for a conductor of any form. 

The equation ® = 4irir 

is the complete expression of the law discovered by Coulomb and 
referred to in Arts. 47 and 81. 

Value of the Potent lal. 

86] We must next consider tho values of the potential at 
different distances from a small electrified body. 

Definition. The electric potential at any point is the work which 
must be expended in order to hnng a body charged with unit 
of electricity from an infinite distance to that point. 

If is the potential at A and that at D, then the work 
which must be sjient by the external agency in overcoming 
electrical force while carrying a unit of electricity from A to D 
IS yji' — i/r. 

The quantity — ^1/ would also represent the work which would 
be done the electrical force* in assisting the transfer of tho unit 
of electricity from JB to ^ if the motion were reversed. 

If the force from B to A were constant and equal to ®, then 

rl,'—xl,=BA.Q. 

In general, the electric force vanes as the body moves from B to A, 
so that we cannot at once apply this method of finding the differ- 
ence of potentials. But, by breaking up the path BA into a 
BufiScient number of parts, we may make these parts so small that 
the electnc force may be regarded as uniform dunng the passage 
of the body along any one of these parts We may then ascertain 
the parts of the work done in each part of the path, and by adding 
them together, obtain tho whole work done during the passage 
from B to A. 


Let ns suppose a unit of electricity placed at 0, and let the 
distances of the points A, B, C, ... Z from 0 be a, 4, The 

electric force at .<1 is , at .S > and so on, all in the direction 

from 0 to A. 
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POTENTIAL AT A POINT. 


To find the work which mnst be done in order to brings a 
nnit of electricity from A to £ we must multiply the distance AB 
by the avenge of the electromotive force at the various points 

between A and B. The least value of the force is — > and the 

1 AB 

gfreatest value is ^ • Hence the work required is greater than 

AB 

and less than ■ Now AB is a— 6, and the true value of the 

work IS the excess of the potential at B over that at A. Hence 
if we now write A, B, C , ... Z for the potentials at the correspond- 
ing points, we may express the work required to bring the unit 
of electricity from A to 5 by B—A This quantity therefore is 
greater than a-4 .1 K4 

‘ ^4 ~ a'o ’ 

but less than or fi— i) 2 . 

v4 a' h 


We may express this by the double inequality 

il-lrr 

Similarly (1 - J ) < C-5 < (i - ? ) , 


O 


and so on. The ratios ^ j " > ere all greater than unity. Let 
us suppose that the greatest of these ratios is equal to p The 
ratios^) &c, are the reciprocals of these, they are therefore all 
less than nnitv, but none less than-. Hence 

p 


V y^p y>^ 

Adding these inequalities we find 

^z a' p V' 
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By increasing the number of points between A and Z and TYmlnnfr 
the intervals between them smaller we may make the greatest 
ratiOt J>, as near to unity as we please, and we may therefore 
assert that, as the line AZ is more and more minutely divided, 

the quantity p and its reciprocal i approach unity as their com- 
mon limit. In the limit, therefore, 

z a 

We have thus found the difference between the potentials at 
A and Z To determine the actual value of ihe potential, say at Z, 
we must refer to the definition of the potential, that it is the 
work expended in bringing umt of electricity from an infinite 
distance to the given point. We have tliercfoie in the alxive 
expression to suppose the point A removed to an infinite distance 
from 0, in which ease the potential A is zero, and the reciprocal of 

the distance, or - , is also zero The equation is therefore reduced to 

Of 

the form „ 1 

or in words, the numerical value of the potential at a given point 
due to unit of olcctncity at a given distance is the reciprocal of the 
number expressing that distance 

If the charge is e, then the potential at a distance s is ; * 


The potential duo to a number of chaiges jilaced at differenli 
distances from the given point is found by adding the potentials 
due to each separate charge, regard being- had to Iho sign of each 
jiotential. 

87.] Since, as we have seen, the electric force at any point 
outside a uniformly electrified spherical surface is the same as if the 
electric charge of the surface had been concentrated at its centre, 
the potential due to the electrified surface must be, for points 
outside it. 



where e is the whole charge of the surface, and r is the distance of 
the g^ven point from the centre. 

Let A he the radius of the spherical surface, then this expression 
for the potential is true as long as r is greater than a. At the 

T Z 
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CAPACITY OP TWO OONCENTHIC SPHERES. [88. 

sur&cei r is equal to o. The potential at the snr&ce due to its 
own electrification is therefore 



[since there can be no diecontinnity in the valae of the potential 
between the surface and a point just outside it]. 

Within the surface there is no electromotive force, and the 
potential is therefore the same as at the surface for all points 
within the sphere 

If the potential of the spherical surface is unity, then 
« r= a, 

or the charge is numerically equal to the radius. 

Now the electric capacity of a body in a given field is measured 
by the charge which raises its potential to unity. Hence the 
electric capacity of a conducting sphere placed in air at a con- 
siderable distance from any other conductor is numerically equal 
to the radius of the sphere. 

If by means of an electrometer we can measure the potential of 
the sphere, we can ascertain its charge by multiplying this potential 
by the radios of the sphere This method of measuring a quantity 
of electricity was employed by Weber and Koblrausch in their 
determination of the ratio of the unit employed in electromagnetic 
to that employed in electrostatic researches. Since theie is no 
electric force within a uniformly electrified sphere the potential 

Within the sphere is constant and equal to ^ • 

88 ] We are now able to complete the theory of the electrifica- 
tion of two ooncentnc spherical surfaces. 

Let a spherical conductor of radius a be insulated within a 
hollow conducting vessel, the internal surface of which is a sphere 
of radius h concentric with the inner sphere. Let the charge 
on the inner ejihero be c, then, as we have already seen, the 
charge on the interior surface of the vessel will be — e. At any 
jioint outside both spherical surfaces and distant r from the 
centie the electric jiotential due to the inner sphere will be 

- , and that dne to the outer sphere will be . Since these 

two quantities are numencally equal, but of opposite sign, they 
destroy each other, and the potential at every point for which r 
18 greater than i is zero. 
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lEYDEN JAE. 


Between the two spherical snrfaces, at a point distant r from the 


centre, the potential due to the inner sphere is and that due to 

f 

the outer sphere is Hence the whole potential m this inter- 
mediate space is e • 

At the surface of the inner sphere r = s, so that the potential of 
the inner sphere is < • 

The potential at all points within the inner sphere is uniform and 
equal to 


The capacity of the inner sphere is numerically equal to the value 
of e when the })otential is made equal to unity. In this case 

1 al 

rjl “i-a' 

a h 

or, the capacity of a sphere insulated nithin a concentric spherical 
surface is a fourth proportional to the distances (4— a) between the 
surfaces and radii (a, h) of the surfaces. 

By diminishing the interval, b—a, between the surfaces, the 
capacity of the system may be made very great without making 
use of very large spheres. 

This example may serve to illustrate the pnnciple of the Leyden 
jar, which consists of two mctalhc surfaces separated by insulating 
material. The smaller the distance between the surfaces and the 
greater the area of the surfaces, the greater the capacity of the jar 

Hence, if an electncal machine which can charge a body up to a 
given potential is employed to charge a Leyden jar, one surface of 
which IS connected with the earth, it will, if worked long enough, 
communicate a much greater charge to the jar than it would to a 
very large insulated body placed at a great distance from any other 
conductor. 

The capacity of the jar, however, depends on tho nature of the 
dielectric which is between the two metallic sur&ces as well os on 
its thickness and area. See Art, 131 ct sqq. 
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FOBCE BETWEEN TWO PABALLEL PLANES. [89. 


Two Paballel Planes. 


89 ] Another simple case of electrification is that in which the 
electrodes are two parallel plane surfaces at a distance c. We shall 
suppose the dimensions of these surfaces to be very great compared 
with the distance between them, and we shall consider the elec- 
trical action only in that jiart of the space between the planes 
whose distance from the edges of the plates is many times greater 
than c. 

Let A be the potential of the upper plane in the figure, and B 

that of the lower plane. Then 

1 1— A tiie electric force at any point 

B P between the planes, and not 

Fig 20 near the edge of either plane. 


18 , acting from A to B. The electric density on the upper 

c 

jilane is found by Coulomb’s Law by dividing this quantity by 4ir 
If or bo the surface density 

g^A^ 

4 ire 


The surface density on the plane B is equal to this in magnitude 
but opposite in sign. 

Let os now consider the quantity of electricity on an area S, 
which we may suppose cut out from the upper plane by an 
imagmary closed curve. Multipljnng S into o, we find 


A-B 
e=— — S’ 
4 jrc 


( 2 ) 


The quantity of electricity on an equal area of the plane B taken 
exactly opposite to 5 will be — e The energy of the electrification 
of these two portions of electricity is, by Art. 31, 

q=.\{Ae + B{-e)} = l{A~B),. (3) 

Expressing this in terms of e it becomes 

Q = (4) 


If c, the distance between the surfaces, be made to increase to d' 
the charges of the surfiiceB remaining the same, the energy will 
liccome 


< 2 '= 


2ir 

~S 




( 5 ) 



71 


9 1 .] ATTRACTKD DISC EDECIROMBTERS. 

The augmentation of the potential energy is 

Q'~Q = ^e‘{c'-c). ( 6 ) 

and this is the work done by external agency in pulling the planes 
asunder against the electric attraction. 

If ^ IS the electnc attraction between the two areas S, 


1 

11 

1 

( 7 ) 

. 


( 8 ) 


90.] This result gives us the best experimental method of measur- 
ing the quantity of electricity on the area S, for by this equation 



In this expression F is the force of attraction on the area S deter- 
mined in dynamical measure from observation of its effects. S is 
the area of the surface and ir is the ratio of the circumference of a 
circle to its diameter 

The difference between the potentials, J and F, of the two planes 
18 easily found in terms of e by means of equanon (2), thus, 

= ( 10 ) 

91.] In Sir William Thomson’s attracted disk electrometers a 
disk IS so arranged that when in its proper position the surface of 
the disk forms parf of a much larger plane surface extending for a 
considerable distance on all sides of the disk. The part of the sur- 
face outside the moveable disk is called the Guard Ring and the 
surface of the disk and guard ring together may be considered as 
the surface of a large disk, part of which, near its centre, is 
moveable. Opposite this disk is placed another disk having its 
surface parallel to the first disk and much larger than the move- 
able disk. The electrification of the moveable disk is then the 
same as that of a small portion of one of the large opposed planes 
taken at a considerable distance from the edge of the plane, and 
only very small corrections are needed to make the formulae already 
given apply to the case of the moveable disk. 

The distribution of electrification and of electnc force near the 
edges of the large disks is by no means so simple. It is calculated 
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INTEBSE PBOBIiEH OF ELECTBOSTATICS, [92. 

in Alt. 202 of my larger Treatise, and the lines of foiee and 
ei^nipotential surfaces are shown in Plate V at the end of this 
book. 

92.] The direct problem of electrostatics — the problem which 
the circumstances of every electrostatic experiment present to us — 
may be stated as follows. 

A system of insulated conductors is given in form and position, 
and the electric charge of esch conductor is given, required the 
distribution of electricity on each conductor and the electric po- 
tential at any pomt of the field. 

The mathematical difficulties of the solution of this problem have 
been overcome hitheito only m a small number of cases, and it is 
only by a study of what we may call the inverse problem that the 
results we possess have been obtained. 

In the inverse problem, a possible distnbution of potential 
bemg given, it is required to find the forms, positions, and chargee 
of a system of conductors which shall be consistent with this dis- 
tribution of potential. 

Any number of solutions of this latter problem may be obtained 
by taking, instead of the electrified bodies of the original distribution, 
any set of equipotential surfaces surrounding them, and supposing 
these surfaces to be the surfaces of conductors, the charge of each 
conductor being equal to the sum of the charges of all the bodies 
of the original distnbution which it encloses. 

Every electrical problem of which we know the solution has been 
constructed by an inverse process of this kind. It is therefore of 
great importance to the electrician that he should know what results 
have been obtained in this way, since the only method by which he 
can expect to solve a new problem is by reducing it to one of the 
cases in which a similar problem has been constructed by the 
inverse process. 

This historical knowledge of results can be turned to account in 
two ways. If we arc required to devise an instrument for makmg 
electrical measurements with the greatest accuracy, we may select 
those forms for the electrified surfaces which correspond to cases of 
which we know the accurate solution. If, on the other hand, we 
are required to estimate what will be the electrification of bodies 
whose forms are given, we may begin with some case in which 
one of the equipotential surfaces takes a form somewhat resem- 
bling the given form, and then by a tentative method we may 
modify the problem till it more nearly corresponds to the given 
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case. This method is evidently very imperfect, considered from a 
mathematical point of view, bnt it is the only one we have, and if 
we are not allowed to choose our conditions, we can make only an 
approximate calculation of the electniication. It aiipears, therefore, 
that what we want is a knowledge of the forms of equipotential 
surfaces and lines of induction in as many different cases as wc can 
collect together and remember. In certain classes of cases, such 
as those relating to spheres, wc may proceed by mathematical 
methods. In other cases wc cannot afford to despise the humbler 
method of actually drawing tentative figures on paper, and select- 
ing that which appears least nnhko the figure we require. 

This latter method, I think, may be of some use, even in cases 
in which the exact solution has been obtained, for I find that an 
eye knowledge of the forme of the equipotential surfaces often leads 
to a right selection of a mathematical method of solution. 

I have therefore drawn several diagrams of systems of equipo- 
tential surfaces and lines of force, so that the student may make 
himself familiar with the forms of the lines. 

93 ] In the first plate at the end of this volume we have the 
oqiupotential Eurfacos surrounding two points electiified with quan- 
tities of electricity of the same kind and in the ratio of 20 to S. 

Here each point is surrounded by a system of equipotential 
surfaces which become more nearly spheres as they become smaller, 
but none of them arc accurately spheres If two of these surfaces, 
one sui rounding each spheie, be taken to represent the sui faces 
of two conducting bodies, nearly but not quite sphencal, and if 
these bodies be charged with the same kind of electricity, the 
charges being as i to 1, then the diagram will represent the 
equipotential surfaces, provided we expunge all those which are 
drawn inside the two bodies. It appears from the diagram that 
the action between the bodies will be the same ns that between 
two points having the same charges, these points being not exactly 
in the middle of the axis of each body, but somewhat more remote 
than the middle point from the other body. 

The same diagram enables us to see what will be the distribu- 
tion of electricity on one of the oval figures, larger at one end 
than the other, which surround both centres. Such a body, if elec- 
tnfied with a charge 25 and firee from external influence, will 
have the surface-density greatest at the small end, less at the large 
end, and least in a circle somewhat nearer the smaller than the 
larger end. 
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There is one eqnipotential surface, indicated by a dotted line, 
'which consists of two lobes meeting at the conical point P. That 
point IS a point of equilibrium, and the -sur&ce-density on a body 
of the form of this sur&ce would be zero at this j>omt. 

The lines of force in this case form two distinct systems, divided 
from one another by a surface of the sixth degree, indicated by a 
dotted line, passing through the point of equilibrinm, and some- 
what resembling one sheet of the hyperboloid of two sheets. 

This diagram may also be taken to represent the lines of force 
and eqnipotential surfaces belonging to two spheres of gravitating 
matter whose masses are as 4 to 1. 

94.] In the second Plate we have again two points whose charges 
are as 4 to 1, but the one positive and the other negative. In this 
case one of the cquipotcntial surfaces, that, namely, corresponding 
to potential zero, is a sphere It is marked in the diagram by the 
dotted circle Q. The importance of this spherical surface will be 
seen when we come to the theory of Electrical Images. 

We may see from this diagram that if two round bodies are 
charged with opposite kinds of electricity they 'will attract each 
other os much as two points having the same charges but placed 
somewhat nearer together than the middle points of the round 
bodies. 

Here, again, one of the cqmpotential surfaces, indicated by a 
dotted line, has two lobes, an inner one surrounding the point 
whose charge is S and an outer one surrounding both bodies, the 
two lobes meeting in a conical point P which is a point of cquili- 
bnum. 

If the surface of a conductor is of the form of the outer lobe, a 
roundish body having, like an apple, a conical dimple at one end of 
its axis, then, if this conductor be electrified, we shall be able to 
determine the superficial density at any point. That at the bottom 
of the dimple will be zero. 

Surroundmg this surface we have others having a rounded 
dimple which flattens and finally disappears in the eqmpotential 
surface passing through the point marked 

The lines of force in this diagram form two systems divided by a 
surface which passes through the point of equilibrium. 

If we consider points on the axis on the further side of the point 
B, we find that the resultant force diminishes to the double point P, 
where it vanishes. It then changes sign, and reaches a maximum 
at M, after which it continually diminishes. 
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This maximnm, howevei, is onl^ a maximum relatively to other 
points on the axis, for if we draw a surface perpendicular to the 
axis, Jf is a point of minimum force relatively to neig'hbouring' 
points on that surface. 

95.] Plate III represents the eqmpotential surfaces and lines 
of force due to an electrified point whose charge is 10 placed at 
A, and surrounded by a field of force, which, before the intro- 
duction of the electrified point, was uniform in direction and 
magmtude at every part. In this case, those lines of force which 
belong to A are contained within a surface of revolution which 
has an asymptotic cylinder, having its axis parallel to the un- 
disturbed Imes of force. 

The equipotential surfaces have each of them an asymptotic 
plane. One of them, indicated by a dotted lino, has a conical 
point and a lobe surrounding the point A Those below this surface 
have one sheet with a depression near the axis. Those above have 
a closed portion surrounding A and a separate sheet with a shght 
depression near the axis 

If wo take one of the surfaces below A as the surface of a con- 
ductor, and another a long v ay below A as the surface of another 
conductor at a different potential, the system of lines and surfaces 
between the two conductors will indicate the distribution of electric 
force. If the lower conductor is very fur from A its surface will 
be very nearly plane, so that we have hero the solution of the 
distnbution of electricity on two surfaces, both of them nearly 
plane and paiallcl to each other, except that the npjier one has 
a protuberance near its middle point, which is more or less pro- 
minent according to the poiticular ec^uipotential line we choose for 
the surface. 

96 ] Plato IV represents the eqnijiotential surfaces and lines 
of force due to three electrified points A, B and fc', the charge of A 
being IS units of positive electricity, that of units of negative 
electricity, and that of C 20 units of positive elcctneity. These 
points are placed in one straight line, so that 

AB=9, BC= 16, AC =25. 

In this case, the snriace for which the potential is unity consists 
of two spheres whose centres are A and C and their radii 1 S and 20. 
These spheres intersect in the circle which cuts the plane of the 
paper in D and B^, so that B is the centre of this circle and its 
radius is 1 2. This circle is an example of a line of equilibi-ium, for 
the resultant force vanishes at every pomt of this Ime. 
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If we rappose the sphere whose centre is if to be a conductor 
with a charge of 3 units of positive electricity, and placed under 
the influence of 20 units of positive electricity at C, the state of 
the case will be represented by the diagram if we leave out all the 
hnes within the sphere A. The part of this spherical surface within 
the small circle Dl/ will be negatively electrified by the influence 
of C. All the rest of the sphere will be positively electrified, and 
the small circle LI/ itself will be a line of no electrification. 

We may also consider the diagram to represent the electrification 
of the sphere whose centre is 6', charged with 8 units of positive 
electricity, and influenced by IS units of positive electricity placed 
at A. 

The diagram may also be taken to represent the case of a 
conductor whose surface consists of the larger segments of the 
two spheres meeting in 1)1/ , charged with 23 units of positive 
electricity. 

97.] I am anxious that these diagrams should be studied as 
illustrations of the language of Faraday in speaking of ‘hnes of 
force,’ the ‘ forces of an electrified body,’ &e. 

In strict mathematical language the word Force is used to signify 
the supposed cause of the tendency which a matcnal body is found 
to have towards alteration in its state of rest or motion. It is 
indifl'ercnt whether we speak of this observed tendency or of its 
immediate cause, since the cause is simply inferred from the effect, 
and has no other evidence to support it 

Since, however, we are ourselves in the practice of directing the 
motion of our owm bodies, and of moving other things m this way, 
we have acquired a copious store of remembered sensations relating 
to these actions, and therefore our ideas of force are connected in 
our minds with ideas of conscious power, of exertion, and of fatigue, 
and of overcoming or yielding to pressure. These ideas, which give 
a colouring and vividness to the purely abstract idea of force, do 
not in mathematically trained minds lead to any practical error. 

But in the vulgar language of the time when dynamical science 
was unknown, all the words relating to exertion, such as force, 
energy, power, &c., were confounded wnth each other, though some 
of the schoolmen endeavoured to introduce a greater precision into 
their language. 

The cultivation and popularization of correct dynamical ideas 
since the time of Galileo and Fleivton have effected an immense 
change in the language ai>d ideas of common life, but it is only 
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within recent times, and m consequence of the mcreasinji im- 
portance of machineiy, that the ideas of force, energy and power 
have become accurately distinguished from each other. Very few, 
however, even of scientific men, are careful to observe these dis- 
tinctions ; hence we often hear of the force of a cannon-ball when 
either its energy or its momentum is meant, and of the force of an 
electrified body when the quantity of its electrification is meant. 

Now the quantity of electricity m a body is measured, according 
to Faraday’s ideas, by the number of lines of force, or rather of 
induction, which proceed from it. These lines of force must all 
terminate somewhere, either on bodies in the neighbourhood, or on 
the walls and roof of the room, or on the earth, or on the heavenly 
bodies, and wherever they terminate there is a quantity of elec- 
tricity exactly equal and opposite to that on the part of the body 
from which they proceeded. By examining the diagrams this will 
be seen to be the case. There is therefoie no contradiction between 
Faraday’s views and the mathematical result of the old theory, 
but, on the contrary, the idea of Imes of force thiows great light 
on these results, and seems to afford the means of ritang by a con- 
tinuous process from the somewhat rigid conceptions of the old 
theory to notions which may be capable of greater expansion, so 
as to provide room for the increase of our knowledge by farther 
researches. 

98 ] These diagrams are constructed in the following manner — 

First, take the case of a single centre of force, a small electrified 

E 

body with a charge E. The potential at a distance r is F= 

E 

hence, if we make r = 1 we shall find r, the radius of the sphere 

for which the potential is F. If we now give lo F the values 
1 , 2 , 3 , &c., and draw the corresponding spheres, we shall obtain 
a senes of equipotential surfaces, the potentials corresponding to 
which are measured by the natural numbers.* The sections of these 
spheres by a plane passing through their common centre will be 
circles, which we may mark with the number denoting the potential 
of each. These are indicated by the dotted circles on the nght 
hand of Fig 21. 

If there be another centre of force, we may in the same way draw 
the equipotential surfaces belonging to it, and if we now wish to 
find the form of the equipotential surfaces due to both centres 
together, we must remember that if Fj be the potential due to one 
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centre, and that due to the other, the potential due to both will be 
Fj + Fij = V. Hence, since at every intersection of the eqnipotential 
surfaces belonging to the two series we know both Fj and Fj, we 
also know the value of F. If therefore we draw a surface which 
])as6eH through all those intersections for which the value of Fie 
the same, this surface will coincide with a true cquipotential surface 
at all these intersections, and if the original systems of surfaces 
lie drawn sufficiently close, the new surface may be drawn with 
any required degree of accuracy. The cquipotential surfaces due to 
two points whose charges are equal and opposite are represented by 
the continuous lines on the right hand side of Fig 2 1 

Tins method may bo applied to the drawing of any system of 
cquipotential surfaces when the potential is the sum of two po- 
tentials, fornhieh we have already drawn the ciiuipotential surfaces. 

The lines of force due to a smgle centre of force arc straight 
lines radiating from that centre If W'c wish to indicate by these 
lines the intensity as well as the direction of the force at any point, 
we must draw them so that thev mark out on the cquipotential 
surfaces jiortions over which the surface-integral of induction has 
definite lalues The best w’ay of doing this is to suppose our 
plane figure to be the section of a figure in space formed by the 
revolution of the ])1ano figure about an axis passmg through the 
centre of force Any straight line radiating from the centie and 
making an angle 0 with the axis will then trace out a cone, 
and the eiuface-intogrul of the induction Ihiough that part of any 
surfiiee which is cut oil' by this cone on the side next the positive 
direction of the axis, is 2 7r/’(l— eosd) 

If we further siqiposc this surface to be bounded by its inter- 
section with two iiknes passing through the axis, and inclined at 
the angle whose arc is equal to half the radius, then the induction 
thitiugh the surface so hounded is 

— cosd) = 2 'll, say , 

and 8 = cos"’(l — 2 y) • 

If we now give to ♦ a senes of x’aluos 1, 2, 3 ..F, we shall find 
a corresponding senes of values of 0, and if F be an integer, the 
number of corresponding lines of force, including the axis, will he 
equal to E. 

We have therefore a method of drawing lines of force so that 
the charge of any centie is indicated by the number of hnes which 
converge to it, and the induction through any surfiuie cut off m the 
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\ray described is meastired by the number of lines of force which 
pass through it. The dotted straight lines on the left hand side 
of Kg. 21 represent the lines of force due to each of two electnfied 
points whose charges are 10 and — 10 respectively 

If there axe two centres of force on the axis of the figure wo 
may draw the lines of force for each axis corresponding to values 
of 'I'l and and then, by drawing lines through the consecutive 
intersections of these lines, for which the value of 'Pj + 4'j is the 
same, we may find the lines of force due to both centres, and in 
the same way we may combine any tiio systems of lines of force 
which are symmetrically situated about the same axis Tlie con- 
tinuous curves on the left hand side of Kg. 2t represent the lines 
of force due to the electrified points acting at once. 

After the equipotential surfaces and lines of force have been 
constructed by this method, the accuracy of the drawing may bo 
tested by observing whether the two systems of linos are every- 
where orthogonal, and whethei the distance between eonsoentivc 
equipotential surfaces is to the distance between consecutive lines 
of force as half the distance from the axis is to the assumed unit of 
length. 

In the case of any such system of finite dimensions the line of 
force whoso index number is 'P has an asjunptote which passes 
through the centre of gravity of the system, and is inclined to the 

vp 

axis at an angle whose cosme is 1 — 2^. > where h is the total 

electrification of flie system, provided P is loss than A Lines of 
force whose index is greater than arc finite lines 

The lines of force corresponding I 0 a field of uniform foico parallel 
to the axis are lines parallel to the axis, the distances fiom the 
axis being the squaie roots of an antbmotieal soiics. 
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99 ] The calculation of the distribution of electrification on the 
surface of a conductor when electrified bodies are placed near it is in 
general an operation beyond the powers of existing mathematical 
methods. 

When the conductor is a sphere, and when the distribution of 
electricity on external bodies is given, a solution, depending on 
an infinite series was obtained by Poisson. This solution agrees 
with that which was afterwards given in a far simpler form by 
Sir W. Thomson, and which is the foundation of his method of 
Electric Images 

By this method he has solved problems in electricity which 
have never been attempted by any other method, and which, even 
after the solution has been pomted out, no other method seems 
capable of attaching This method has the great advantage of 
being intelligible by the aid of the most elementary mathematical 
reasoning, especially when it is considered m connection with the 
diagrams of equipotential surfaces described in Arts. 93-96. 

100.] The idea of an image is most easily acquired by considering 
the optical phenomena on account of which the term image was 
first introduced into science 

We are accustomed to make use of the visual impressions we 
receive through our eyes in order to ascertain the positions of 
distant objects. Wo are doing this all day long in a manner 
sufficiently accurate for ordinary purposes. Surveyors and astro- 
nomers by means of nriificial instruments and mathematical de- 
ductions do the same thing with greater exactness. In whatever 
way, however, we make our deductions, we find that they are 
consistent with the hypothesis that an object exists in a certain 
position in space, from which it emits light which travels to our 
eyes or to our instruments in straight lines. 
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Hut if w© stand in front of a plan© mirror and make observations 
on the apparent direction of the oiyeets reflected therein, we find 
that these observations are consistent with the hypothesis that 
there is no mirror, but that certain objects exist in the refyion 
beyond the plane of the mirror These hypothetical objects are 
fjeometncally related to certain real objects in front of the plane of 
the mirror, and they are called the images of these objects 

We are not provided with a special sense for enabling us to 
ascertain the presence and the position of distant bodies by means 
of their electrical effects, bnt ne have instrumental methods by 
which the distribution of potential and of electric force in any part 
of the field may bo ascertained, and from these data w'e obtain a 
certain amount of evidence as to the position and electrification of 
the distant body. 

If an astronomer, for instance, could aseortuin the direction and 
magnitude of the force of gravitation at any desired point in the 
heavenly spaces, he could deduce the posifions and inaH>.cR of the 
Imdies to which the force is due. When Adams and Loverner 
discovered the hitherto unknown planet Neptune, they did so by 
aseertaining the direction and magnitude of the gravilating force 
due to the unseen planet at certain points of space. In the elcc- 
tncal problem wc emjiloyed an cleclnfied pith ball, which we 
moved about in the field at pleasure The astronomers emjilovcd 
for a similar purjiose the planet Uranus, oier which, indeed, they 
had no control, but which moved of itself into such positions that 
the alterations of the olemenis of its orbit served to indicate the 
jiosition of the unknown disturbing pl.snct 

101.] In one of the electrified systems winch we have already 
investigated, that of a sjihcncal condoefor A within a coneentrie 
spherical conducting vessel B, we haic one of the simplest eases of 
the pnnciple of eleefne images 

The electric field is in this ease the region which lies between 
the two concentnc spherical surfaces The eli'cfnc foico at any 
jicint P within this region is in the diirction of the radius OP 
and numerically equal to the chaigo of the inner sphere, A, divided 
by the square of the distance, OP, of the point from the common 
centre. It is evident, theicforc, that the force within this region 
will be the same if we substitute for the electrified spherical sur- 
faces, A and B, any other two concentric sphciical surfaces, C and 
1), one of them, C, lying within the smaller sphere. A, and the 
other, D, lying outside of B, the charge of C being equal to that 

o 
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of A in the former case. The electric phenomena in the region 
between A and B are therefore the game as before, the only differ- 
ence between the cases is that in the region between A and C and 
also in the region between B and I) we now find electric forces 

acting according to the same law 
as in the region between A and 
B, whereas when the region was 
bounded by the conducting sur- 
faces A and B there was no elec- 
trical force whatever in the regions 
beyond these surfaces. We may 
even, for mathematical purposes, 
suppose the inner sphere C to be 
reduced to a physical point at 0, 
and the outer sphere B to expand 
to an infinite size, and thus we 
assimilate the electric action in 
the region between A and li to that due to an electnfied point at 
0 placed in an infimte region 

It appears, therefore, that when a spherical surface is uniformly 
electrified, the clectnc phenomena m the region outside the sphere 
are exactly the same as if the Ejiherical surface had been removed, 
and a very small body placed at the centre of the sphere, having 
the same electric charge as the sphere. 

This is a Eiiui>le instanco in which the phenomena in a certain 
region aie consistent with a false hypothesis ns to what exists 
be} Olid that region. The action of a uniformly electnfied sphencal 
suiface in the region outside that surface is such that the phenomena 
may be attnbuted to an imaginary electrified point at the centre of 
the sphere. 

The potential, ijr, of a sphere of radius a, placed in infinite space 

« ^ 
and charged with a quantity e of electncity, is -. Hence if ^ is 

the potential of the sphere, the imaginary charge a^ its centre 
is ■^a. 

102.] Non let us calculate the potential at a point P (Fig. 33 ) 
in a sphencal surface whose centre is C and radius CP, due to two 
electrified points A and B in the same radius produced, and such 
that the product of their distances from the centre is equal to the 
square of the radius. Points thus related to one another are called 
iHterte points with respect to the sphere. 
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Let a = CP be tbe radins of the sphere. Let CA = ma, then CP 

will be — • 
m 

Also the triangle APC is similar to PCB, and 
IP PB--.AV PC, 

or AP = wPP, Sec Kuclid vi. prop. E 

Now let a charge of electricity equal to <■ be placed at A and a 

charge (s' = — — of the opjiosite kmd be placed at B. The jioten- 

tial due to these charges at P will be 


r=-L+ ' 

AP 


BP 


— ^ * 

“ mBP~ mBP' 

= 0 , 

or the potential due to the charges at A and B at any jioint P of the 
spherical surface is zero. 

We may now suppose the spherical 
eur&ce to be a thin shell of motol 
Its pot«ntial is already zero at every 
point, so that if wc connect it by a 
fine wire with the earth there will 
be no alteration of its jintential, 
and therefore the jiotontial at evciy 
point, whether within or without 
the surface, w'lU remain unaltered, and will be that due <o the two 
electrified points A and B. 

If wc now keep the metallic shell in connection with the earth 
and remove the clectnficd point B, the potential at every jioinl 
within the spheic will become zero, but outside it will remain as 
before. For the surface of the sphere still remains of the same 
potential, and no change has been mode in the distribution of 
electrified bodies in the region outside the sphere 

Hence, if an electrified point A lie placed outside a spherical con- 
ductor which IS at potentul zero, the electrical action at all points 
outside the sphere will lie equivalent to that due to the point yf 
together wnth another point, B, within the sphere, which is the 
inverse point to A, and whose charge is to that of A as —1 is to m 
The point B with its imaginary chaige is called the electric image of A. 

In the same way by removing A and retaining B, we may shew 
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that if an electrified point B be placed inside a hollow conductor 
having its inner surface spherical, the electrical action within the 
hollow is e<juivalent to that of the point B^ together with an 
imaginary jioint, A, outside the sphere, whose charge is to that 
of as «* is to — 1. 

Tf the sphere, instead of being in connection with the earth, and 
fheiefore at potential zero, is at potential the electneal effects 
outside the sphere will be the same as if, in addition to the image 
of the electrified point, another imaginaiy charge equal to were 
]>laccd at the centre of the sphere. 

Within the sphere the potential will simply be increased by 

103.] As an example of the method of electric images let us 
calculate the clectnc state of two spheres whose radii are a and h 
respectively, and whose potentials are /*. and the distance be- 
tween their centres being e We shall suppose i to be small com- 
pared with c. 



Fii; 24 

We may consider the actual electrical effects at any point out- 
side the two spheres as due to a series of electric images 

In the first place, since the potential of the sphere A is we 
must place an image at the centre A wuth a charge iiP„. 

Similarly at B, the ccntic of the other sphere, we must place a 
clmrge bP^. 

Kach of these images will have on image of the second order in 
llie other sphere. The image of B in the sphere a will be at D, 

where . ^ a* a 

AD = , and the charge D — — bP^. 

Tlie image of A in the sphere b will be at E, where 



TWO SPHERES. 


85 


104.] 


Each of these will have an image of the third order. That of E 
in a will be at F, where 


AF=^=, = -7 

/IK /.I 


aH 


AE ~ c^-b^ ’ 


That of 2^ in i will be at G, uhere 
V^c 


a42 


LB ~ ^ ~ L^-a^ 

The images of the fourth order will be, 
of <? in a at II, where 
„ a“ a^(6“'— a2) 

All = -,/,= ~r, 2 -i.\ “nd //= ~ , ,nl\, 

AG c{c^ — a^ — b^) r (c^ — a'*— i“) 

of in E at T, where 


BI= — = 

I'B <;(c^-a^-P) 


b^(<‘‘-lA) 


n, and 7 = - 




We might go on with a senes of images for ever, but if i is small 
compared with c, the images will rapidly become smaller and mav 
be neglected aftei the fourth order 
If we now write 

a^b „ 

Qaa — H 72 "h &C., 




ah 

1<A — ~ ~ ~ 




c c{c^ — d^~V‘) 
7 . * 

= i + > 


— &c , 


the whole charge of the sphere a will be 

Fa = gat/Fa + iul/F |,, 

and that of the sphere I will be 

Ft = JatF a + yw.T* t 

104.] From these results we may calculate the potentials of the 
two spheres when their charges are given, and if we neglect 
terms involving b^ we find 

Pa = - Fa-t--Ft, 
a c 


Ft- ^Fa+\-i^ ^,,_^jFt. 


[6 (c^ 

The electnc energy of the system is 
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The repolaon, H, between the two Kpheree is measnied by the 
rate at which the energy diminishes as e increases ; therefore, 

R - ^ J 

In order that the force may be repulsive it is necessaiy that the 
charges of the spheres should be of the same fflgn, and 

E,, must be greater than E,, ’ 

Hence the force is always attractive, 

1. When either sphere is uninsulated ; 

2. When either sphere has no charge ; 

3. When the spheres are very nearly in contact, if their poten- 
tials are different 

When the potentials of the two spheres are equal the force is 
always repulsive. 

105.] To determine the electne foree at any point just outside of 
the surface of a conducting sphcie connected with the earth arising 
fiom the picBcnce of an electrified jMnnt A outside the sphere 
The electrical conditions at all points outside the sphere are eqni- 
Milcnt, as we have seen, io those due to the point A together with its 
linage at £ If e is the charge of the jioint A (hhg 23), the force 

• due to it at P is duection AP. Kesolving this force in 

11 direction parallel to AC and along the radius, its components are 

y-.jj AC m the direction parallel to AC and j-jj; CP in the direc- 

AJ' 

tion CP, The charge of the image of .<1 at P is — , and the 

CP 1 

iorce due to the image at P is c ^ m the direction PB. Ee- 

solvmg this force in the same direction as the other, its components 
are CP CB 

e • pp^ in a direction parallel to CA, and 
CP^ 

e re direction PC. 

If a 18 the radius of the sphere and i{ CA=f= ma and AP = r, 

t hen CB = — a and BP = — r , and if e is the charge of the pomt 
M “1 or 

A, the charge of its image at P is «. 


The force at P due to the charge e at is in the direction AP, 
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Besolving this force in the direction of the radins and a direction 
parallel to AC, its components are 

^ — in the direction AC, and 

T 


€ A 

^ - m the direction CP. 

H r 

The force at P dne to the imase — e at j? is e — — or e 

»» m PP^ r- 

m the direction PB Revolving this in the same directions as the 
other force, its components arc 

m JBC ema , 

e -ipr. = —p in the diiection CA, and 
P BP r 


m.CP em^a 
^ l^BP ‘ 


m the direction PC. 


The components in the dueetion parallel to AC are equal hut in 
opposite directions. The resultant force is therefore in the direc- 
tion of the radius, which conhrms what we have already proved, 
that the sphere is an cquipotcutial surface to which the lesidtanl 
force is everywhere normal The resultant toice is there! ore in the 

direction PC, and is equal to (w*— 1) in the direction PC, that is 

to say, towards the centre of the sphere 

From this we may aboertain the buifacc density of the electrifica- 
tion at any point of the bpherc, for, hy Coulomb’s law, if <r lb the 
surface density, 

4 iro- = It, w'here 11 is the resultant force acting outwards 
Hence, as the resultant force in this case acts inwards, the surface 
density is everywhere negative, and is 


tr 


1 <’“/ 2 
i 

4 71 r** ' 


!)• 


Hence the surface density is inversely as the cube of the distance 
from the inducing point A. 

106.] In the case of the two spheres A and B (Fig- 24), wliose 
radii are a and h and potentials P„ and /'i, the distance betw'cen 
their centres being c, we may determine the surface density at anv 
point of the sphere A by conudering it as duo to the action of a 
choige a/*, at A, together with that dne to the pairs of points B, 
D and E, F &c., the successive pairs of images 
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Putting r = PB, = PE^ = P<?, &c., 
we find 


4 IT {a r,^ a^c J 

1 -n r i / o f ,c“— fl®— i®.* a®J „ 


If we call B the inducing body and A the induced body, then we 
may conbider the electrification induced on ^ as consisting of two 
parts, one depending on the ^mtcntial of B and the other on its 
own potential 

The |)art depending on Pi, is called by some writers on electricity 
the induced electrification of the Jtitt tpeciet When A is not in- 
sulated it constitutes the whole electrification, and if Pi, is positive 
it is negative over every part of the surface, but greatest in 
numerical nature at the point nearest to B 

The part depending on P„ is called the induced electrification of 
the mond tjiecies It can only exist when A is insulated, and it 
18 everywhere of the same sign as P„ If A is insulated and with- 
out charge, then the induced eloctnfications of the first and second 
species must bo equal and opposite The surface-density is negative 
on the Bide next to B and positive on the side furthest from B, but 
though the total quantities of positive and negative electrification 
are equal, the negative electrification is more concentrated than the 
])08itive, so that the neutral line which separates the positive from 
the negative electrification is not the equator of the sphere, but lies 
nearer to B 

The condition that there shall be both positive and negative elec- 
trification on the sphere is that the value of a at the points nearest 
to B and farthest from B shall have opposite signs If a and h are 
small com]>aied with c, we may neglect all the terms of the co- 
efficients of P„ and Pi, after the first. The values of r be between 

c+a and c—a I lenee, if P„ is betw cen P. and Pj f ) , 

[c + ay (e—ay 

there will be both jiositivc and negative electrification on A, divided 
by a neutral line, but if P, is beyond these limits, the electrification 
of every part of the surface will be of one kind , negative if P„ is 
below the lower bmit, and positive if it is above the higher limit 
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OJ) ELKCTROSTATIC fAl'ACITV. 


107.] The cajmcity of a conductor is mcahurcd by the eharffc nl' 
electricity which will raise its jMitcntial to the value unity, the 
potential of all other conductors in the field bcinf' kept at zero 
'fho capacity of a conductor dejicnds not only on its own form and 
size, but on the form and jiosition of the other conductoiis in the 
field. The nearer the uninsulated conductors aic jilaced the {,'rcuter 
18 the capacity of the charfted conductor 

An apparatus eonsisliny of two insulated conductors, each jae- 
senting a large surface to the other with a small distance lietween 
them, IS called a »«//«««, because a small eleetroniotivc fore(> is 
able to charge such an apparatus with a large (juantity of elee- 
tncity 

The Biniplcat form of condenser, that to which the name is most 
commonly apjilicd, consists of two disks placed jiaraJIcl to each 
other, the medium between them being air When one of these 
disks is connected to the /me and the olhei to the copper electrode 
of a voltaic battery, the disks become charged with negative and 
positive electricity lesjjcctively and the amount of the charge is 
the greater the nearer the disks are placed to each other, being 
approximately inversely as the distance between them Hence hv 
bringing the disks very close to each other, connecting them W'lth 
the elechwles of the battciy and then diBConnccting them from the 
battery, we have two large charges of opposite kinds insulated on 
the disks. If we now remove one of the disks from the other wi- 
de work against the electric attraction which draws them together, 
and we may thus inciease the eneigy of the system so much that, 
though the onginal electromotive force was only that of a single 
voltaic cell, either of the disks when Ee|)arated may be raised to so 



90 DISCHABGE BY ALTEBKATE CONTACTS. [lo8. 

higb a potential that the gold leaves of an electrometer connected 
with it are deflected. 

It was in this way that Volta demonstrated that the electriflca* 
tion due to a voltaic cell is of the same kind as that due to fiiction, 
the copper electrode being positive with respect to the zmc elec- 
trode. In this condenser the capacity of each disk depends prin- 
cipally on the distance between it and the other disk, but it also 
deiiends in a smaller degree on the nature of the electric field at 
the back of the disk. 

There are other forms of condensers, however, in which one of 
the conductors is almost or altogether snirounded by the other 
In this case the capacity of the inner conductor is almost or alto- 
gether independent of everything but the outer conductor. This is 
the ease in the Leyden jar, and in a cable with a copper core sur- 
rounded by an insulator the outside of which is protected bv a 
sheathing of iron w'lres 

108 ] 13ut in most cases the chaise of each conductor depends 
not only on the difference between its potential and that of the 
other conductor, but also in |)art on the diflercnce between its 
potential and that of some other body, such as the earth, or the 
walls of the room where the expenment is made. The charges of 
the two conductors may, thciefore, in the simpler cases be written 


<2 = A'(/'-y,) + 7/P, (1) 

q = (2) 


where P and p are the ]>otentiBls. that of the walls of the room 
being zero, Q and q the charges of the tw'O conductors resiiectively, 
K is the capacity of the condenser in so for as it depends on the 
mutual relation of the two conductors, and 11 and h represent those 
})arts of the capacity of each conductor which depend on their rela- 
tion to external ob]ects, such as the walls of the room 

If we connect the second conductor with the earth we make p 
zero while Q remains the same, and we get for the new values of 
P, Q, and j, 

= <2, = (A +77)7’., q, = ~KP, (3) 

If we now insulate the second conductor and connect the first 
w ith the earth we make P zero, and 

Pt~ A > Qt — ~ ?s = (•^+ ^)P2 W 
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If we again nsulate the first conductor and put the second to 
earth, 

~ ~ — 2a=-A'-P«- •••(5) 

From this it appears that if we connect first the one and then 
the other conductor a ith the earth the values of the potentials and 

A 

charges will be diminished in the ratio of ,,, to 

unity. 


Companion of two condetiters. 

109 ] Let us suppose the condensers to be Leyden jars having 
an inner and an outer coating. 

Let tho inner coating of the first jai and the outer eoating of 
the second be connecter] n ith a source of electricity and bioiight to 
the potential P, while the outer eoating of the first and the inner 
eoating of the second are connected nith the earth. 

Then if and are the charges of tho inner coatings of the 

two jars, Qj = ( A'l + f/i) F, Q,= -K,P (7) 

Now let the outci coatings of both jars bo connected with the 
earth, and let the inner coatings be connected with each other. 
Required the common potential of the inner coatings 
Hence we have 0. 

Qi+Qi=Qi'+QI, • . • ( 8 ) 

P,'=:Pf=P',.. ( 9 ) 

and we have to find J’' 

Equation (8) becomes, in virtue of (9), 

+ P = {K, + JI,+K^+1QP' 

If Aj + 7/j = Aj the discharge is complete. 

110.] The following method, by w'hieh the existence of a deter- 
minate relation between tho capacities of four condensers may be 
verified, has been employed by Sir W. Thomson * It corrcsjiondB 
in electrostatics to Wheatstone’s Bridge in current electricity. 

In Fig 25 the condensers aje represented as Lej den jars. Two 
of these, P and Q, are placed with their external coatings in contact 
with an insulating stand y3 ; the other two, Jl and A', have their 


Gibaon ud EaioUy 
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external coatings connected to the earth. The inner coatings of 1‘ 
and It are permanently connected ; so are those of Q and S. In 
performing the experiment the internal coatings of P and P are 
first charged to a potential, A, while those of Q and S are chargeil 



Fig 25 


to a difforont jmtcntiul, C During this process the stand fi i>- 
connected to the earth The stand ^ is then disconnected from the 
earth and connected to one electrode of an electrometer, the other 



electrode being connected to earth .Since /3 is already reduced to 
potential zero by connection with the earth, there will be no dis- 
turbance of the electrometer unless there is leakage in some of the 
jars. We shall assume, however, that there is no leakage, and 
that the electrometer remains at zero. 
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The inner coatings of the four jars are now made to communicate 
with each other hy dropping the small insulated wire w so as to 
fall on the two hooks connected with a and y Since the potentials 
of a and y are different a discharge will ocenr, and the potential of 
j3 will in general be affected, and this will bo indicated by the 
electrometer If, however, there is a certain relation among the 
capacities of the lars the potential of will remain zero 

111.] Let us ascertain what this relation must be In Fig 2G 
the same electrical arrangement is represented under a simjilci 
form, in which the condensers consist each of a jiair of disks 
Lnder this form the analogy with Wheatstone’s Bridge becomes 
apparent to the ej'C We have to consider the potentials and 
charges of four conductors The first consists of the innei coatings 
of P and 7f, together with the connecting w ire We shall call this 
conductor a, its charge a, and its potential A The second consists 
of the outer coatings of P and Q, together with the insulating stand 
/t. 'We shall cull this conductor p, its charge b, and its potential 
Ji. The third consists of the inner coatings of Q and H and the 
connecting wire y 'We shall tall tins y, its charge e. and its 
potential (7. The fourth consists of the outer coatings of R and R 
and of the earth with which they aiv kejif eonneeted e might 
use the letters 8, d, and J) with reference to this eonduefor, but as 
its potential is always zero and its cluiige equal and ojqMisito to 
that of the other conductors we shall not reepare to consider it. 

The charge of any one of the condiietois depends on its own 
])otential together with the potentials of flic two adjacent con- 
ductors, and also, but in a iciv' slight dcgiec, on that of the oppo- 
site conductor. 

Let the coefficients of induction between the different pairs of 
the four conductors be os in the following scheme 
p S Q 



Fig 27 

in which f and ij are very small compared w’lth P, Q, Zf, and R 
The coefficient of capacity of any one of the conductors will exceed 



»4 COMPARISON OF CONDENSERS. [ill. 

the sum of its three coefficients of induction by a quantity which 
will be small if the capacity of the knobs of the jars and their 
connecting wires are small compared with the whole capacities of 
the jars. Let us denote this excess by the symbols a, j8, y, 8, which 
belong to the conductors The capacities therefore will be, 

P + ^+o+t;, 

P+Q+fi+£, 

Q+S+y+n, 

7i + 5 + 8 + 

and the charges will therefore be, 
for o, a = (P + R + a + y}) j4 — PB—RD—riC, 
for/3, 4 = (P + Q + ;3 + f)J?-^.rt-QC-fJ), 

for y, e =(Q,-^S ■^■y +n)C —Q^B—SL—i)A, 

for 8, d = \ll+S 

In the diet part of the experiment the potentials of a and y arc 
A and C respectively, while those of ^ and 8 are zero. Hence, at 
first* a = (P + -ff + a+>))-<l— T)C, 

b= -PA~qc, 

c = (Q + 5+y + i))C — nA. 

Wc need not determine the charge of 6 

Now let a communication be made between a and y, and let us 
denote the charges and potentials of the conductors after the dis- 
ehaigc by accented letters The jiotentials of a and y will become 
equal , let us call their common potential y, then 

A'= C'=y. 

The sum of their charges remains the same, or 
a'+(f=z a+e 

The charge of /3 remains the same as before, or 

b’=b, 

but its potential is no longer zero, but S', and we have to deter- 
mine the value of If in terms of A and C by eliminating the other 
quantities entering into the equations 
After discharge, 

o'=(P + P + a)y-PP', 

4'=(P+Q+fl + f)ii'-(P+Q)y, 
c'= (q + S+y)y-qB'. 
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Hence, the equation a' + a + c becomes 
(P+iJ + Q + ®+® + y) (P + (P+Ph- +(Q + 5+y)C, 

and V— h becomes 

(P+<^ + ;3 + ^)^'-(P^ Q)j/==-PA~QC. 

Eliminating y from these equations, we find 

P'{(P+ 6}(P+^) + (P + S)(“+^+y+f) + (P + ^+“ + y)(^ + f)} 

= <Q{li + a)-P{S+y)](A-C). 
If, therefore, the electrometer ib not disturbed by the discharge, 
ff=0, and 

P : Q . 11+ a S+Y‘ 



CHAPTER IX. 


THE EI,ECTBIC CHRBEST. 

112.] Let A and B be two melal bodies connected respcctivelv 
with the inner and outer coatini)^ of a Leyden jar, the inner 
coating of the jar being positive, so that the 
potential of A is higher than that of B. 

Let C be a gilt pith ball suspended bv a silk 
thread. If C is brought into contact with A and 
B altematelv, it mil receive a small charge of 
positive electricity from A every time it touches 
it, and will communicate positive electricity to li 
when it touches B, 

There mil thus be a transference of positive 
elcctncitj' from yt to B along the path travelled 
over bv the pith ball, and this is what occurs 
111 every electric current, namely, the passage of electricity along a 
definite direction During the motion of the pith Imll from A to 
B it IS charged positively, and the electric force between A and 
B tends to move it m the direction from A to B. After touching 
/>, it becomes charged negatively, so that the electric foice, during 
its return journey, acts from B to A llencc the ball is acted 
oil by the electric force always in the direction in which it is 
moving at the time, so that if it is properly suspended the electric 
force will not only keep up the backward and forward motion, but 
will communicate to the moving ball an amount of energy which it 
w ill expend in a senes of rattling blow a against the balls A and B. 
The current of positive electncity from y/ to i? is thus kept up by 
means of the electromotive force from A to B. 

113 ] The jihenomenon wo have been describing may be called 
a current of Convection. The motion of the electnfication takes 
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plscB in virtu© of th© motion of th© ©l6ctrifi©d body whicb couvfy^ 
or &iTTi6i tb© ©lectncity as it moves from on© place to anotber, 
Sut if| instead of the pith balli we take a metal wire carried 
by an insulating handle, and cause the two ends of th© wire 
to touch A and B respectively, there will be a transference of 
electricity firom A to B along the wire, though the wire itself does 
not move. 

What takes place in the wire is called a current of Conduction 
The effects of the current of conduction on the electrical state of 
A and B are of precisely the same kind as those of the current of 
convection. In both coses there is a transference of electrification 
from one place to another along a continuous path. 

In the case of the convection of the charge on the pith ball we 
may observe the actual motion of the ball, and therefore in this 
cose we may distinguibh between the act of carrying a positive 
charge from AtoB and that of carrying a negative charge from 
B to A, though the Electrical effects of these two operations are 
identical.' We may also distinguish between the act of carrying a 
number of small charges from A to B m rajnd succession and 
with great velocity, and the act of carrying a single great 
charge equivalent to the sum of these charges, slowly from A to 
B in the time occupied by the whole senes of journeys m the other 
case. 

But in the case of the current conduction through a wire we 
have no reason to suppose that the mode of transference of the 
charge resembles one of those methods rather than another. All 
that we know is that a charge of so much ckctncitv is conveyed 
from .4 to J m a certain time, but whether this is effected by 
carrying positive electricity from ^ to .8, or by carrying negative 
electricity from B to A, or by a combination of both processes, is a 
question which we have no means of determining c are equally 
unable to determine whether the ‘ velocity of electricity ’ in the 
wire is great or small If there be a substance pervading bodies, 
the motion of which constitutes an electric current, then the excess 
of this substance in connexion with a body above a certain normal 
value constitutes the observed charge of that body, and is a 
quantity capable of measurement But we have no means of 
estimating the normal charge itself. The only evidence we possess 
18 deduced from experiments on the quantity of electricity evolved 
during the decomposition of one grain of an electrolyte, and this 
quantity ia enormous when compared with any positive or negative 

R 
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charge which we can Bccnmnlate within the space occupied by the 
electrolyte. If, then, the normal charge of a portion of the wire 
the millionth of an inch in length is equal to the total charge 
trensferred from A io JS, the transference may be effected by the 
displacement of the electricity in the wire whose linear extent is 
only the millionth of an inch. 

It is therefore quite possible that the velocity of electricity in a 
telegraph wire may be exceedingly small, less, say, than the 
hundredth of an inch in an hour, though signals, that is to say, 
changes in the state of the current, may be propagated along the 
wire many thousands of miles in a second 

Since, therefore, we are ignorant of the true linear velocity of an 
electric current, we must measure the strength of the current by the 
quantity of electricity discharged through any section of the con- 
ductor in the unit of time, just as engineers measure the discharge 
of water and gas through pipes, not by the velocity of the water or 
gas, but by the quantity which passes in a minute 

114.] In many cases we have to consider the whole quantity of 
electricity which passes rather than the rate at which it passes 
This is especially the case when the current lasts only a very short 
time, or when the current is considered merely as a transition 
from one permanent state of the system to another. In these cases 
it IB convenient to apeak of the total current ns the Electee 
Displacement, the word displacement indicating the final lesult 
of a motion icitliout reference to the rate at which it takes place 
The passage of a given quantity of elcctncity along a given path is 
called an Elcctnc Discharge 


Clamficaiion of bodie* acforihvg io their relation io the 
iraniference of electnniy. 

115] For the sake of distinction we shall consider a portion of 
matter whose ends are formed by two oquipotential surfaces having 
different potentials, and whose sides are formed by lines of electric 
current or displacement 

The ends of the body are called its Electrodes, that at which 
electricity enters is called the Anode, and that at which it leaves 
the body is railed the Cathode. 

The excess of the potential of the anode over that of the cathode 
is called the External Electromotive Force. 

The Form of the body may vary from that of a long wire sur- 
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rounded by air or other insulating matter to that of a thin sheet of 
the substance, the electricity passing through the tViioln^nM of the 
sheet. 

Bodies may be divided into three great classes accoiding to the 
mode in which they are acted on by electromotive force, — Metals, 
Electrolytes, and Dielectrics. 


Fibst Class — ^Metaia, &c. 

116 ] The first class includes all the metals, whether in the solid 
or liquid state, together with some other substances not regarded 
by chemists as metals. In these the smallest external electromotive 
force IS capable of producing an clcctnc cuirent, and this current 
contmnes to flow as long as the electromotive force continues to 
act, without producing any change in the chemical projiertius of the 
substance The strength of the permanent current is proportional 
to the electromotive force Tho ratio of the numcncal value of the 
electromotive force to that of the current is called the Resistance 
of the conductor. The same thing may be othcni iso stated hj 
saying that tho flow of the current is opposed by an internal 
electromotive force, projiortional to the strength of the current, 
and to a quantity called the Resistance of the conductor, depending 
on its form and nature. \V hen the strength of the current is such 
that this internal electromotive force balances the external electro- 
motive force the current neither increases nor diminishes in strength 
It is then said to be a utead^ cunent 

These relations were first established by Dr G. S. Ohm, in a 
work pubhshed in 1827 They are expressed bv the formula, 
Electromotive force = Current x Resistance, 
which is called Ohm’s Law. 


Generation of Heat hy the current. 

117 ] During the flow of a steady current through a conductor 
of uniform material of the first class heat is generated in the 
conductor, but the substance of the conductor will not be affected 
in any way, for if the heat is allowed to escajK! as fast as it is 
generated, the tcmjierature and every other physical condition of 
the conductor remams the same. 

The whole work done by the external electromotive force in 
urging electricity through the body is therefore spent in generating 

H a 
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heat. The dynamical equivalent of the heat g'enerated is therefore 
equal to the electrical work spent, that is, to the product of the 
electromotive force into the quantity of electricity transmitted by 
the current 

Now, the electromotive force is, by Ohm’s law the product of 
the strength of the current into the resistance, and the quantity 
of electricity is, by the definition of a current, the product of (he 
current into the time during which it flows, so that we find. 

Heat generated measured in dynamical units 

= Square of Current x Resistance x Time. 

This relation was first established by Dr. Joule, and is therefore 
called Joule’s law. It was also established independently by Lenz. 


Skcond Class — Elbctkolytes 

118] The second class of substances consists of compound bodies, 
generally in the liquid form, called Electrolytes 

When an electric current passes through fused chloride of silver, 
which is an electrolyte, chlonne appears at the anode where the 
current enters, and silver at the cathode where the current leaves 
the electrolyte 'ITie quantities of these two substances are such 
that if combined they would form chloride of silver The com- 
position of those portions of the electrolyte which he between the 
electrodes remains unaltered. Hence, if we fix our attention upon 
a portion of the electrolyte between two fixed planes perpendicular 
to the direction of the current, the quantity of silver or of chlorine 
which enters the portion through one plane must be equal to the 
quantity which leaves it through the other plane. It follows from 
this that in every part of the electrolyte the silver is moving in the 
direction of the current, and the chlonne in the opposite direction. 

This operation, in which a compound body is decomposed by an 
electric current, is called Electrolysis, and the mode in which the 
current is transmitted is called Electrol 3 rtic Conduction The 
compound body is called an Electiolyte, and the components into 
which it is separated are called Ions That which appears at the 
anode is called the Anion, and that which appears at the cathode is 
called the Cation 

The quantity of the substance which is decomposed is propor- 
tional to the total quantity of electricity which passes through it, 
and is independent of the tune during which the electricity is 
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paasiii^. The quantity coireapondin^ to the passag'e of one unit 
of electricity is called the Electrochemical Equivalent of the sub- 
atance. Thne, when one unit of electricity is passed through fused 
chlonde of silver, one electrochemical equi\<ilcnt of silver appears 
at the cathode and one electrochemical eijuivalent of chlorine at 
the anode, and one electrochemical equivalent of cliloride of silver 
dlsappeore. 

119] The electrochemical equivalents of the same substance, as 
deduced from expeiiments on diderent electrolytes which contain 
it^ are consistent with each other. Thus the electrochemical 
equivalent of chlonne is the same, whether we deduce it from 
expeiiments on chlonde of silver, or from cxjienments on hydro- 
chlonc acid, and that of silver is the same, whether wc deduce 
it from exjienmenta on chloride of silvei, or from cxiierimonts on 
nitrate of silver. These laws of electrolysis were established by 
Earaday* If they arc strictly true llio conduction of electricity 
through an electrolyte is always clectiolytic conduction, that is to 
say, the electnc cuircnt is always associated with a ilow of the 
components of the electrolyte in o 2 >positc directions 

Such a flow of the components neccssaiily involves their appear- 
ance in a separate foi m at the anode and the cathode To clfeet 
this separation a ceilain electromotive force is required depending 
on the energy of combination of the electrolyte Thus the electro- 
motive force of one of UanieH’s cells is not sulhcient to docomiiose 
dilute sulphuric acid. 

If, therefoie, . an electrolytic cell, consisting of a vessel of 
acidulated water, in which two platinuin plates are jdaced as 
electrodes, is inserted in the circuit of a single Danicll’s cell, along 
with a galvanometer to mcasuic the cm rent, it will be found that 
though' there is a transient current at the instant the circuit is 
closed, this current rapidly diminishes in intensity, so as to become 
m a very short time too weak to be measured cxcejit by a very 
sensitive galvanometer. 

Neither oxygen nor hydrogen, the chemical components of ivuter, 
appear m a gaseous form at the electrodes, but the elcctiodes them- 
selves actjuire new inopcities, shewing that a chemical action has 
token place at the surface of the jdatinum plates. 

120.] If the Danieirs coll is taken out of the ciremt, and the 
ciremt again closed, the galvanometer indicates a current passing 
through the electroly tic cell in the oxiposite direction to the original 
* Se> , gents vu and viii 
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current. This current rapidly diminishes in strengfth and soon 
vanishes, so that the whole quantify of electricity which is trans- 
mitted by it IS never greater than that of the primitive current. 
This reverse current indicates that the platinum plates have ac- 
quired a difference of properties by bemg used as electrodes. They 
are said to he polarized. The cathode is polarized positively and 
the anode negatively, so that an electromotive force is exerted in 
the circuit opposite to that of the Darnell’s cell. This electromotive 
force, which is called the electromotive force of polarization, is the 
cause of the rapid diminution in the strength of the original current, 
and of its final cessation. 

A chemical oxammation of the platinum plates shews that a 
certain quantity of hydrogen has lieen deposited on the cathode. 
This hydrogen is not in the ordinary gaseous form, but adheres to 
the suiface of the platinum so firmly that it is not easy to remove 
the last traces of it 

121.] Faraday’s law, that conduction takes place in electrolytes 
only by electrolysis, was long supposed not to be strictly true 
In the experiment in which a single Darnell’s cell furmshes the 
electromotive force in a circuit containing an electrolyte and a 
golvanometcr, it is found that the current soon becomes very feeble 
but never entirely vanishes, so that if the electromotive force is 
maintained long enough, a very considerable quantity of electricity 
may be passed through the electrolyte without any visible de- 
composition 

Hence it was aiguod that clectiolytes conduct electricity in two 
different ways, by electrolysis m a very conspicuous manner and 
also, but in a very slight degree, in the manner of metals, wdthout 
decomposition Helmholtz has recently* shewn that the feeble 
permanent current can be explained in a different manner, and that 
we have no evidence that an electrolyte can conduct electricity 
without electrolysis. 

122 ] In the case of platinum plates immersed in dilute sulphuric 
acid, if the liquid is carefully freed from all trace of oxygen or 
of hydrogen in solution, and if the surfaces of the platinum plates 
are also freed from adhering oxygen or hydrogen, the current con- 
tinues only till the platinum plates have become polarized and no 
permanent current can be detected, even by means of a sensitive 
galvanometer. When the expenment is made without these pre- 

• Vrbtr galvaiuthe Pohiriiotton in gntfratn Fliaaokatm UonatAenekt d. K 
Akad d. Btrhn,3nlj 1873, p 687 
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cautionB, there is generally a certain amount of oxygen or of hj drogen 
in solution in the lit^uid, and this, when it comes in contact with 
the hydrogen or the oxygen adhering to the platinum surface, 
combines slowly with it, as even the free gases do in presence 
of platmum. The polarization is thus diminished, and the electro- 
motive force IS consequently enabled to keeji up a permanent 
current, by what Helmholtz has called electrolytic convection. 
Besides this, it is probable that the molecular motion of the liquid 
may be able occasionally to dislodge molecules of oxvgen or of 
hydrogen adhering to the platinum jilates Those molecules when 
thus absorbed into the liquid will travel according to the oidinuiy 
laws of diffusion, for it is only when in chemical combination that 
their motions are governed by the clectiomotivo force They will 
therefore tend to diffuse themselves uniformly thiough the liquid, 
and will thus in time reach the opjiosite electrode, where, in contact 
with a platinum surface, they combine with and neutralize jiart of 
the other constituent adhering to that surface. In this way a 
constant circulation is kept up, each of the constituents tinvclling 
in one direction by electrolysis, and back again by didusion, so that 
a permanent current maj’ exist without any visible accumulation 
of the products of doconijmsition Wo may thorcfoie conclude that 
the supposed inaccuracy of Faraday’s law has not yet been confirmed 
by experiment 

123 ] The venfication of Ohm’s law as applied to cloctrolytie 
conduction is attended with consideiublc difficulty, liccause the 
vaiying polan/ation of the electrodes introduces a vanahic electro- 
motive force, and renders it difficult to ascertain the true electro- 
motive force at any instant. By using electrodes m the form of 
plates, having an area large compared with the section of the 
electrolyte, and employing currents alternately m opposite direc- 
tions, the effect of polan^ation may be diminished relatively to 
that of true resistance. It appears from experiments conducted 
in this way that Ohm’s law is true for electrolytes as well as 
for metals, that is to say, that the current is always propoitional 
to the electromotive force, whatever be the amount of that force 
The reason that the external resistance of an electrolyte ap^iears 
greater for small than for large electromotive forces is that the 
external electromotive force between the metallic electrodes is not 
the true electromotive force acting on the electrolyte. There is, 
in general, a force of polaiization acting in the opposite direction 
to the external electromotive force, and it is only the excess of 
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the external force above the force of polarization that really acts on 
the electrolyte. 

It appears, therefore, that the very smallest electromotive force, 
if it really acts on the electrolyte, is able to produce conduction by 
electrolysis llow, then, is this to be reconciled with the fact that 
in order to produce complete decomposition a very considerable 
electromotive force is reqmrcd ? 

124 ] Clausius* has pointed out that on the old theory of 
electrolysis, according to which the electromotive force was sup- 
posed to be the solo agent in tearing asunder the components 
of the molecules of the electrol3rte, there ought to be no decom- 
position and no cui-rent as long as the electromotive force is 
below a certain value, but that as soon as it has reached this 
value a vigorous decomposition ought to commence, accompanied 
by a strong current. This, however, is by no means the case, 
for the current is strictly proportional to the electromotive force for 
all values of that force. 

Clausius explains this in the following way — 

According to the theory of molecular motion of which he has 
himself been the chief founder, every moloculo of the fluid is 
moving in an exceedingly irregular manner, being dnven first 
one way and then another by the imparts of other molecules which 
are also in a state of agitation. 

Tins molecular agitation goes on at all times independently of 
the action of electromotive force. The diffusion of one fluid through 
another is brought about by this molecular agitation, which in- 
creases in velocity as the temperatuic rises. The agitation being 
exceedingly irregular, the encounters of the molecules take place 
with varions degrees of violence, and it is probable that even at 
low temperatures some of the encounters are so violent that one 
or both of the compound molecules are split up into their con- 
stituents. Each of these constituent molecules then knocks about 
among the rest till it meets with another molecule of the opposite 
kind and unites with it to foim a new molecule of the compound 
In eveiy compound, therefore, a certain proportion of the mole- 
cules at any instant arc broken up into their constituent atoms. 
At high temperatures the proportion becomes so large as to 
produce the phenomenon of dissociation studied by M. St Claire 
Deville f. 

* fogff Ann CI 338 (1867) 

+ [hefaik tar la Dmoctaiim, prq/h^^ei dtcaitl la fionife CAiangut L Haohette 

etc*, 1866] 
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126.] 

12 s.] Now Clausius supposes that it is on the constituent mole- 
cules in their intervals of freedom that the electromotive force acts, 
deflecting them shghtly from the paths they would otherwise have 
followed, and causing the positive constituents to travel, on the 
whole, more in the positive than in the negatiie direction, and 
the negative constituents more in the negative direction than in 
the positive. The electromotive force, therefore, does not i)roduce 
the disruptions and reunions of the molecules, hut finding these 
disruptions and reunions already going on, it influences the motion 
of the constituents during then intervals of freedom. The amount 
of this influence is proportional to the electromotive force when the 
temperature is given. The lugher the tempernture, however, the 
greater the molecular agitation, and the more numerous are the free 
constituents. Hence the condnetivity of electrolytes increases as 
the temperature rises 

This eflect of temperature is the opposite of that which takes 
place in metals, the resistance of which increases as the temi)eratnre 
rises This diffoieneo of the cfTcct of temperature is sometimes 
used as a test whether a conducfoi is of the metallic or the 
electrolytic Lind The host test, however, is the existence ol 
polarization, for oven when the quanfity of fhe free ions is too 
small to be obseived or measured, their presence may he indicated 
by the electromotive force which they excite 

126.] Kohlrausch* finds that if the electromotive force is one 
volt per centimetre in length of the electrolyte, then if tlie electro- 
lyte differs but slightly from pure water at 18’0 the velocity ol 
hydrogen is about 0 0029 centimetres per second, and that the 
actual force on a gramme of hydrogen in the solution required 
to make it move at the rate of one cenlimetic ]>er second 
through the solution is equal to the weight of 330,000,000 kilo- 
grammes. 

The velocities of the components of unibasic acids and their salts 
were found by Kohlrausch to be in the following proportion — 


Table I. 


H 

K 

KH, 

Xa 

Li 

JBa 

iSr 

{Ca 

JMg 

273 

48 

46 

30 

19 

31 

28 

24 

21 


1 

Br 

Cl 

F 

NO, 

CIO, 




.•iS 

63 

60 

29 

47 

36 

22 



Giittwgen Nachrichle»t 5 Aug, 1874, 17 May, 1876, and 4 April, 1877. 
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127. ] The epecific molecular conductivity (f) of an electrolyte 
IS the sum of the velocities of its components*, and the actual 
conductivity of any weak solution is found by multiplying the 
number I by the number of grammes of the substance in a litre 
and dividing by the molecular weight of the substance, that of 
hydrogen being 1. 

128, ] We have reason to believe that water is not an electrolyte, 
and that it is not a conductor of the electric current. It is 
exceedingly difficult to obtain water free from foreign matter. 
Kohlrauschf , however, has obtained water so pure that its resistance 
was enormous compared with ordinal y distilled water. When 
exposed to the air for [4 3 hours its conductivity rose 70 per 
cent.], and [in 1060 hours it was increased nearly fortyfold After 
long exposure to the air the conductivity was more than doubled in 
4-5 hours by the action of tobacco smoke ] Water kept in glass 
vessels very soon dissolves enough of foreign matter to enable it 
to conduct freely. 

Kohlrausch]: has determined the resistance of water containing a 
very small percentage of different electrolytes, and he finds that 
the results agree very well with the hypothesis that the velocity 
with which each ion travels through the liquid is proportional 
to the electromotive force, the velocity corresponding to unit of 
electromotive force being diiierent for diflcrent ions, but the same 
for the same ion, whatever the other ion may be w'lth which it is 
combined. The velocities of different 10 ns in centimetres per 
second, corresiionding to an electromotive force of one volt, are 
given in Table II. 


■ 

H 

E 

NH, 

Table II 

Li B» 

Sr 

Ca 

Mg 

0029 

00091 

00040 

00032 

00U20 

00033 

00030 

00025 

00022 


I 

00068 

Br 

00068 

Cl 

00093 

F 

00031 

NO, 

OOODO 

CIO, 

00038 

C.H,0. 

00023 

. 


When the water contains a laige percentage of foreign matter 
the velocities of the 10 ns are no longer the same, as it is no longer 
through water, but through a liquid of quite different physical 
properties that they have to make their way. It appears from 

* [Cumpare Careadiih Paper), pp 446, 447 ] 

+ [Peggendorff, Prganza^ehand, VIII (1876), pp 7, 8, 11 ] 

: [Pogg .4»II Vol OLIV (1876), p 216 . Vol. CLIX (1876), p. 242 , PkU Mag 
3 ime 1876 ] 
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Table III* that though for small petcentages of sulphuric acid in 
water the conducting power is proportional to the percentage of 
acid, yet as the proportion of acid increases the conducting power 
increases more slowly till a maximum conducting 2 )ower is reached, 
after which the addition of acid diminishes the conducting jxiwer f* 

Tabuj III T 

Condticititij/ 0^ Sulj)hurte Acid at 18 ° 6 ’ nferred to that I 


of Mercury at 0°C’ at unity. 


Pweeutoge of 
11>S(I< 

IITK 

_ 

1 Perceniage of 

IrK 

PLnCIllAgC uf 
llaSOi 

lOfK 

1 

429 

60 

3487 

87 

944 

25 

1020 

65 

2722 


965 

5 

1952 

70 

2016 

89 

966 

10 

3665 

75 

1421 


1005 

15 

5064 

78 

1158 

91 

1022 

20 

6108 

60 

1032 

92 

1030 

25 

6710 

61 

965 

•>3 

1024 

30 

6912 

62 

047 


1001 

35 

6770 

83 

924 

‘)5 

958 

iO 

6361 

64 

915 

96 

885 

45 

5766 

65 

916 

•)7 

750 

50 

55 

mn 

4260 1 

86 

926 

99 4 

80 


129] The oxygen and hydrogen which arc given off at the 
electrodes in so many experiments on water containing foieign 
ingredients are, therefore, not the ions of water sejiumled by stnet 
electrolysis, but secondary products of the elei'trolysis of the matter 
in solution Thus, if the cation is a metal winch decomposes water, 
it unites with an cqiuvalent of oxygen and allows the two equiva- 
lents of hydrogen to escape in the form of gas The anion may 
bo a [compound radicle] which cannot exist in a sepaiatc state, 
[but which exists in the nascent condition, and] contains one equi- 
valent [or more] of [some electronegative element which reacts 
upon water and hberates ox} gen ] 

TiiiED Class. — Dielecthii s 

130.] The third class of bodies has an electric resistance so much 
greater than that of metals, or even of electrolytes, that they are 
often called insulators of electricity. All the gases, many liquids 
which are not electrolytes, such as spirit of turiientine, naphtha, &c., 
and many solid bodies, such as gutta-percha, caoutchouc in its 
various forms, amber and resins, crystallized electrolytics, glass 
when cold, &c., are insulators. 

* [See also p 201 ] * i 

i* result wu found with ni^o wid and soma vucont salino solution j 
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They are called insulators because they do not allow a current 
of electricity to pass throng^h them. They are called dielectrics 
because certain electrical actions can be transmitted through them 
According to the theory adopted in this book, when an electro- 
motive force acts on a dielectric it causes the electricity to be 
displaced viithin it in the direction of the electromotive force, the 
amount of the displacement being proportional to the electromotive 
force, but depending also on the natuie of the dielectric, the dis- 
placement due to equal electromotive forces being greater in solid 
and liquid dielectrics than in air or other gases 

When the electromotive force is increasing, the increase of 
clectnc displacement is equivalent to an electric current in the 
same direction as the electromotive force. When the electromotive 
force is constant there is still displacement, but no current When 
the electromotive force is diminishing, the diminution of the electric 
disidacement is equivalent to a current in the opposite direction 

131.] In a dielectric, electne displacement calls into action an 
internal electromotive force in a direction opposite to that of the 
displacement, and tending to reduce the displacement to zero 
The scat of this internal force is in every part of the diclectne 
where displacement exists. 

To produce electric displacement in a dielectric icquires an 
expenditure of work measured by half the jiroduct of the electro- 
motive foice into the electric disjdaecnient This work is stored 
up as energy within the dielectric, and is the source of the 
energy of an ekxtnfied bj'stcm w'hich renders it capable of doing 
mechanical work. 

The amount of disjilaccment produced by a giv en electromotive 
force IS different in diHeient dielcctncs The ratio of the displace- 
ment in any dielectric to the displacement in a vaeuum due to the 
hame electromotive force is called the Sjieeific Inductive Caiiacity 
of the dielectric, or more briefly, the Dielectric Constant. This 
quantity is greater in dense bodies than in a so-called vacuum, and 
IB approximately equal to the square of the index of refraction 
Thus Dr. L. Boltzmann'* finds forvanous substances. 



V 

VD 

Index of 
refraction 

Sulphur (cast) 

3 84 

1960 

2 040 

Colophomum 

2 55 

1697 

1543 

Piurafim 

2 32 

1.523 

1533 

hfbonite (H|brtgumim) 

3-15 

1776 



* IPogs. Am CU (1874), p 482 ] 
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For ft sphere cut from n crystal of sulphur Boltzmann finds D 
by electncal experiments for the three principal axes, and compares 
them with the results as calculated from the three indices of 
refraction. 

B; electncal ezpenments D, = 4 778 D, -3‘)70 I)j = 3 811 
By optical measurementB S, = 4 696 I), - 3 880 Dj = 3 691 

{Sitzungsb. (Vienna), 9 Jan., 1873 | 

182 ] Schiller {Pogg. Ann. CLII. S35) ascertained the time of 
the electrical vibrations when a condenser is discharged throiifj'h an 
electromagnet He finds in this way the following values of the 
dielectric coefiicients of various substances, and compares them with 
those found by Siemens by the method of a rapid commutatoi. 



{Schiller 

.Siemens 



Ebonite (Hartg^mmi) 

2 21 

2 76 



Pure rubber 

212 

2 34 

2 26 

1 50 

Vulcanized grey, do 

2 6i) 

2 94 



Paraffin, quick cooled, clear 

Ifib 




,, alow cooled, milk white 1 81 

192 

219 

148 

„ another apeoimen 

189 

2 47 

2 34 

153 

Straw eoloared glaaa 

2 96 

4 12 



)) M 

3 66 




White loirror glass 

6 83 

6 34 




P. Silow {Fogg Aim CL VI (1875), [p 395]}* finds for oil of 
turpentine 

D = 2 21 VD 1 490 = 1 466 

Faraday did not succeed in detecting any diflerence in the 
dielectric constants of different gases Hr. Tfoltzmann f bon over 
lias succeeded by a very ingenious method in determining it for 
various gases at 0 C, and at one atmosphere jiressure 



D 


A* 

Air 

1 000500 

1 (lOOiB.’i 

1 000294 

Carbonic Acid 

1 000946 

1 000473 

1 000449 

Hydrogen 

1 0002C4 

1 000132 

1 000138 

Carbonic Oxide 

1 000690 

1 000346 

1 000340 

KitrouB Oxide 

I 000994 

1 000497 

1 000503 

Olefiant Gas 

1 001312 

1 000066 

1 000678 

Marsh Gas 

1 000944 

1 000472 

1 000443 


Disruptive DiscHAnnt 

138 ] If the electromotive force acting at any point of a dielectric 
18 gradnally increased, a limit is at length reached at which there 

• [See also CLVIII (1S76). pp 306 e/ fft ] 

+ CLI (1876,', p 403 ] 
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is a Budden electrical diechaige through the dielectnC) gfeneiallj' 
accompanied with hf'ht and sound. The dielectric, if solid, is often 
pierced, cracked, or broken, and portions of it are often dispersed in 
the form of vapour. This phenomenon appears to be analogous 
to the rupture of a solid body when exposed to a continually 
increasing stress. This analogy is so complete that we may make 
use of the same terms in descnbing the behaviour of media under 
the action of electromotive force as we apply to bodies under the 
action of stress Thus electromotive force and electric displacement 
correspond to ordinary force and ordinary displacement ; the electro- 
motive force which produces disruptive discharge corresponds to 
the breaking stress. Conduction, or the transmission of electricity, 
corresponds to permanent bending 

Thus if we consider the twisting of a wire on the one hand, and 
the transmission of electricity through a body on the other, the 
moment of the couple which twists the wire will correspond to 
the electromotive force acting on the body, and the angle through 
which the wire is twisted will correspond to the electric displace- 
ment If the wire, when the force is removed, returns to its 
former shape and liecoraes comjdetely untwisted it is said to be 
elastic. Such a wiie corresponds to a dielectnc which acts as a 
jiorfeet insulator with respect to the electromotive force employed. 
If the twisting eoiijilc is increased up to a certain limit the wire 
gives way and is broken. This corresponds to disruptive discharge, 
and the ultimate strength of the wire corresponds to the greatest 
dwt roraotive force which the dielectnc can support, which we may 
call its eleetnc strength 

If Wfore niptiire takes jdaee the wurc yields so that it will no 
longer comjilctelv untwist itself when the force is removed it is 
said to lie plastic It corresponds to a dielectric which conducts 
electricity to a certain extent. 

If no such peiinanent twist can lie given to the wire by a force 
which IS not siidieicnt to break it the wire is called hnttle. In 
like manner w'c mai sjieak of those dielectiies such as air, which 
will not transmit electricity exeei>t by the disruptive discharge, as 
electnealU brittle 

134 ] Manv wnres after being kejit twisted for some time and 
then set free immediately untw ist themseh es, but through a smaller 
angle than they were twisted. In the course of time, however, they 
go on untwisting themselves, but very slowly, the process some- 
times going on for daj s or weeks. In like manner many dielectrics 
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each as the glass of a Leyden jar or the gutta porcha of a submarine 
cable, after being subjected for some time to electromotive force 
and then placed in a closed circuit give an instantaneous discharge 
which is less than the original charge After this discharge, how- 
ever, they are capable of giving residual discharges which become 
more and more feeble, and if the circuit is kept closed a quantity of 
electricity will slowly ooze out through the circuit, the current 
becoming feebler and feebler as the charge is more nearly 
exhausted. 

Mechanical lUueiratvm of the Pinjjeriies of a Dielectric. 

135*.] Five tubes of equal sectional area A, B, C, D and P are 
arranged in circuit as in the figure. ./, Ji, C and /) are icrtical 
and equal, and P is horizontal 

The lower halves of A, B, C, D 
are filled with mercury, their iippoi 
halves and fhe horizontal tube P arc 
filled with water. 

A tube with a stopcock Q con- 
nects the lower part of A and B 
with that of C and D, and a piston 
P is made to slide in the honzontal 
tube 

Let ns begin hv supposing that 
the level of the mercury in the four 
tubes is the same, and that it is in- 
dicated by Ag, B„, Cg, D„, that the 
piston IS at Pg. and that the stop- 
cock Q IS shut 

Now let the piston be moved from 
Pg to P,, a distance a Then, since 
tho sections of all the tubes are equal, the level of the mercury 
in A and C will rise a distance a, 01 to zf, and C,, and the mercury 
in B and D will sink an equal distance a, or to B^ and />j 

The ditfercncc of pressure on the two sides of the piston will 
be represented by 4a. 

This arrangement may serve to represent the state of a dielectric 
acted on by an electromotive force 4a 

The excess of water in the tube D may be taken to represent a 
positive charge of electricity on one side of the dielectric, and the 
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excess of mercniy in the tube A may represent the negative charge 
on the other side. The excess of pressure in the tube I* on the 
side of the piston next D will then represent the excess of potential 
on the positive side of the dielectric. 

If the piston is free to move it will move back to Pg and be in 
equilibrium there This represents the complete discharge of the 
dielectnc. 

During the discharge there is reversed motion of the liquids 
throughout the whole tube, and this represents that change of 
electric displacement which we have supposed to take place in a 
dielectric. 

I have supposed every part of the system of tubes filled with 
incomprcBiiblc liquids, in order to repiescnt the property of all 
electric displacement that there is no real accumulation of elec- 
tricity at any place. 

Let us now consider the effect of opening the stopcock Q while 
the piston P is at P^ 

The level of A^ and Dj will remain unchanged, but that of S and 
a will become the same, and will coincide with 3^ and Cg 

The opening of the stopcock Q cnrres])ondB to the existence of 
a part of the dielectric which has a slight conducting power, but 
which does not extend through the whole dielectnc so as to form 
an open channel. 

The charges on the opposite sides of the dielectric remain in- 
sulated, but their difforonco of potential diminishes 

In fact, the diirercnce of jiressure on the two sides of the piston 
sinks from 4a to 2 ir dnnng the passage of the fluid through Q 

If we now sluif the stopcock Q and allow the piston P to move 
freely, it will come to equilibnnm at a point P^, and the discharge 
will be apparently only half of the charge. 

The level of the mercury in A and B wull be 7 a above its 
onginal level, and the level in the tubes C and D will be |a 
I«low its original level. This is indicated by the levels A>, B^, 

If the piston is now fixed and the stopcock opened, mercury will 
fiow from .S to 6 ' till the level in the two tubes is again at B„ and 
C’g. There will then be a difierence of pressure = a on the two 
sides of the piston P If the stopcock is then closed and the piston 
P left free to move, it will again come to equilibrium at a point Pg, 
half way between P^ and Pg. This corresponds to the residual 
chaige which is observed when a charged dielectnc is first dis- 
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charged and then left to itself. It gradually recovers part of its 
ehaige, and if this is again discharged a third charge is formed, the 
successive charges diminishing in quantity In the case of the 
illustrative experiment each charge is half of the preceding, and the 
discharges, which are 4, 4, &c. of the original charge, form a senes 
whose sum is equal to the original charge. 

If, instead of opening and closing the stopcock, we had allowed it 
to remain nearly, but not quite, closed dunng the whole exjienment, 
we should have had a case resembling that of the clcctrilicntion of a 
dielectnc which is a perfect insulator and yet exhibits the phe- 
nomenon called ‘ electric absoiqition ’ 

To represent the case in which there is true conduction through 
the dielectnc we must cither make the piston leaky, or we must 
establish a communication between the top of the tube A and the 
top of the tulle D 

In this way we may construct a mechanical illustration of the 
properties of a dielectric of any kind, in which the two clectncit.ies 
arc represented by two real fluids, and the elcctnc potential is 
represented by fluid pressure. Charge and discharge are repre- 
sented by the motion of the piston 2', and electromotive force by 
the resultant force on the piston 

136 ] The electric strength of a diclcctne medium depends on the 
nature of the medium and its density and temperature Thus the 
electromotive force required to produce a disiiiptive discharge is 
greater in glass or ebonite than in air. 

The electric strength of air or any other gas may be tested by 
causing sparks to pass through a portion of the gas between two 
balls of metal If the experiment is eondnctetl in a glass vessel 
from which the air may be exhausted by an air puinji, it is found 
that the electromotive force necrasary to produce the discharge 
diminishes, while the pressure is reduced fiom that of the atmo- 
sphere to that of about 3 millimetres of mercury If the siijiply of 
electricity is kept up at a constant rate, the sparks become smaller 
and moie frequent, till at last there appears to be a continuous flow. 
If, however, the exhaustion be earned further, the electric strength 
again increases, till in the most perfect vacuum hitherto made the 
electromotive force required to produce a spark lietwccn elrotrodes 
fa eentimetres ajiart is so great that the discharge does not take 
jilace between the electrodes, but passes round the outside of the 
vessel through a distance of 20 centimetres of air at the ordinary 
pressure. It would therefore seem as if a perfect vacuum would 

I 
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present an almost insuperable resistance to the passage of electricity. 
A small quantity of gas, however, introduced into the empty space 
lenders it incapable of withstanding even a small electromotive 
force. This diminution of the elastnc strength, however, does not 
go on when the density of the gas is still further increased, but for 
pressures of a centimetre and upwards the electric strength in* 
creases as the density increases. 

137 ] The electric strength of air diminishes rapidly as the tem- 
perature rises. The heated air which rises from a flame conducts 
electricity freely. The best way of discharging the electrification 
of the surface of a solid dielectric is to pass the electnfled body 
over a flame In most experiments with heated air the air is in 
motion. It is therefore desirable that experiments should be made 
on the conductivity of air at various temperatures, contained in a 
closed vessel and free from currents. 

138 ] In order to test the insulating properties of air and other 
gases I made the following experiment — 

A tube half an inch in diameter, CD, is supported on an insulated 
stand e. A rod AD, a ejuarter of an inch in diameter, is supported 
by the insulating stand a so that about 6 inches of the rod is within 
the tube with a cylindrical shell of air about an eighth of an inch 
thick between it and the inside of the tube. The tube is connected 
with one electrode of a battery of 50 Leclanche cells, the other 
electrode being connected to earth. The rod is connected to one 
electrode of Thomson’s quadrant electrometer, the other electrode 
being connected to earth A tube, which is fixed so as not to 
touch the tube CD, is used for sembng a current of hot air or steam 
through the tube CD. The jiart of the tube CD which contains tho 



Fig 30. 

rod AD is surrounded by a wider tube E of thick brass which may 
be heated by a gas furnace so as to keep the inner tube and rod hot 
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139] 

without exposing' them to the cuncnt of the products of combustion 
of the burner. 

The sensitiveness of this apparatus was shewn by the eflect of 
communicating a small charge to the tube E. The electrometer 
was immediately deflected on account of induction between the 
tube and the rod AB. The rod AB was then discharged to earth 
BO that the electrometer indicated zero, the tube remaining at a 
higher potential If any conduction were now to take place 
through the air between tho tube and the rod it would be indicated 
by the electrometer. No conduction however could be observed 
even after the lapse of a quarter of an hour, and when hot air and 
steam were blown through the tube. At the end of the exjieri- 
ment the tube was discharged to earth, when a negative deflection 
of the electrometer was observed, shewing that the tube had re- 
mained charged during the whole experiment 

139 ] Other experiments were afterw.ards made in which mercury 
and sodium were made to boil in a lient glass tube while raised to 
a high potential by a battery of 50 Ijcclanchfi cells. A tljick 
copjier wire (Fig 31) was placed on an insulating stand so that the 
end of tho wire was within tho glass tube and surrounded by the 
vapour of the metal It was necessary that tho wnre should not 
be allowed to touch the tube, bccan»c glass at a high tempera- 
ture IS a good conductor It was also necessary to see that the 
products of combustion from the Uunsen burner did not come 
m contact with the wire afUT lieeominir electrified by the hot 
tube. 



The wire was connected with the electromefer, but no evidence of 
conduction of electiicity could be oliserved, eien when the mercury 
was boiling briskly, and its laponr was being condensed on the 
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wire. But whenever bo much mercury had collected on the wire 
that a drop fell off at the end of the wire, there was a deflection 
of the electrometer because the drop had become charged by in- 
duction from the tube and the removal of this charge affected 
the electrometer. This however was no evidence of conduction 
through the metallic vapour, but only indicated that the apjnratus 
nas in such a state of electrification that any conduction, if it took 
j)lace, would produce a sensible indication at the electrometer. 

It IS difficult to reconcile these expeiiments on the insulating 
]iower of hot gases and vapours with the well-known phenomena 
of the communication of electricity along the stream of heated 
matter rising &om a flame or even from red-hot metal. This 
stream acts as a powerful conductor of electricity between the flame 
and bodies placed at a foot or a yard above it where the temperature 
of the ascending current is ranch lower than it was in the experi- 
ment of the tube and rod. 

140.] The whole theory of the electric properties of gases is in a 
very imperfect state. According to the kinetic theory of gases, 
their molecules arc in a state of agitation so that they are con- 
tinually stnking against each other The velocity of this agitation 
is greater the higher the tempeiature It would appear, therefore, 
that the electiic conduction of gases is of the nature of convection. 
At every colbsioii the whole charge of two of the molecules would 
lie e<iually divided between them, and thus the tendency of the 
agitation would bo to equalize the charges of all the moleculos 

But we can hardly admit a theory of this kind when we consider 
lhat we have hitherto obtained no evidence of the conduction of 
electricity through air at the ordinarv pressure and temperature 
under a feeble electroraotue force 

Whenever a body free from projecting points and sharp edges 
and charged to a low potential is found to lose its charge, the 
icsult can always he traced to conduction through the substance 
or along the surface of the apparatus which is required to support 
it. The more perfectly insulating we make this apparatus the 
more slowly does the electrified body lose its charge, so that it 
is jirobahle that if we could support an electrified body on a per- 
fa'tly insulating stand so that it could lose its charge only by 
conduction through the air, it would never lose its charge. 
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Klectfic ^h6H0tR€9ia of Tourmahno, 

141.] Certain ciystala of tounnabne and of other minerait 
possess what may be called Electric Polarity. Suppose a crystal 
of tourmaline to be at a uniibnn temjierature, and ap|>arcntlv 
free from electrification on its surface. Let its tomjieiatiire lie 
now raised, the crystal remaimng insulated One end will be 
found positively and the other end ncffativcly electrified Iict the 
surface be dejinved of this upjiarpnt electrification by means of a 
flame or otherwise , then if the crystal be made still hotter, electrifi- 
cation of the same hind an before will apjieur, but if the crystal be 
cooled the end which was positive when the crystal was heated will 
become negative. 

These electrifications arc observed at the extremities of the crys- 
tallographic axis Some crystals are terminated by a six-sided 
pyiamid at one end and by a three-sided i>>raiiiid at the other 
In these tlie end having the six-sidcd pyramid becomes positive 
when the erj stal is heated 

Sir W. Thomson supposes even jxirtion of these and other heini- 
hedral crystals to have a defimte electric jiohirity, the intensity 
of which depends on the temjiomtnrc When the burface is passed 
through a flame, every jiart of the surface liecomes clectnfied hi 
such an extent as to exactly nciitruhze, for all external ])umts 
the eflcct of the internal jiolanty. The crystal then has no ex- 
ternal electrical action, nor any tendency to change its mode of 
electrification. But if it be heated or cooled the intenor polariza- 
tion of each particle of the crj-btal is altered, and can no longer 
lie balanced by the superficial electrification, so that there ib a 
resultant external action. 

In tourmaline and other pyroelectric crystals it is probable 
that a state of electric polarization exists, which deixmds upon 
temperature, and does not reijmre an external electromotive force 
to produce it If the interior of a body were in a state of 
permanent electric polarisation, the outside would gradually become 
chaiged in such a manner as to neutralize the action of the internal 
electnfication for all points outside the body. This external siijier- 
fieial charge could not be detectt.d by any of the ordinary tests, 
and could not be removed by any of the ordinary methods for 
discharging superficial elecfnfication. The internal polarization 
of the substance would therefore never be discovered unless by 
some means, such as change of temperature, the amount of the 
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internal polarization conld be increased or diminished. The ex- 
ternal electrification would then be no longer capable of neutralizing 
the external effect of the internal polarization, and an apparent 
electrification would be obsen-ed, as in the case of tourmaUna 


The Electric Glote. 

142.] It can be proved by the mathematical theory of electricity 
that if a conductor having on its surface a sharp conical point 
18 placed in a perfectly insulating medium and electrified, the 
surface-density of the electricity will increase without limit for 
points nearer and nearer to the conical point, so that at the conical 
jioint itself the surface-densitv, and therefore the electromotive 
force, would be infinite. Hut this result depends on the hypothesis 
tliat the air or other surrounding dielectric has an invincible 
insulating ])ower, which is not the case, and therefore as soon 
as the electromotive foice at the conical jioint reaches a certain 
limiting value the insulating ixiwcr of the air giies way, and 
there is a disruptive discharge of electricity into the air A small 
] ortion of air close to the conical jioint thus becomes electrified. 
The electnfied system now consists of the metal conductor with 
Its conical point, together with a rounded mass of electrified air, 
which covers the ixnnt and acts as a sort of sheath to it, so that 
the Iwundary of the electrified system is no longer jiomtcd 

'ITiis electnfied system, if it were solid, would retain its charge, 
toi the electromotive force is not great enough at any place to 
produce disrujitive discharge, but since the air is fluid, and since 
the eh'ctromotive force is greatest in the line of prolongation of 
the conical jioiiit, the electrified particles of air move off in that 
direction When they are gone other unelcctnfied particles take 
their place round the point, and the jioint being no longer 
protected by electnfied air, there is another discharge, as at first. 

Thus there is continually kopt up an influx of unchaigcd air 
to the j-ioint, a luminous discharge of elcctncity from the point, 
called the Electnc (How, and a stream of charged air in the 
direetion of the prolongaUon of the axis of the cone called the 
Klectnc W'lnd By checking the influx of air behind the point 
we may weaken the glow and by incn-asing the current of air by 
blowing we may make the glow stronger. 

143] The electnc wind which blows from the conical point 
may be made to drive a little windmill, or if the conductor is 
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made of two wires crossed and having their sharpened ends bent 
backwards, as in Pig. 32, and sappoitcd so as to be callable of 
lotatmg, the reaction of the clcctnc 
wind will make the cross rotate in 
the diiection of the arrows 

It is only close to the electrified 
point that the motion of the elec- 
trified air 18 in an}' degree influenced 
by its electrification At a short dis- 
tance from the point the electrified 
air becomes mixed with other air, and 
IS earned about by the ordinary currents of the atmosjihcre as nii 
invisible eleetnc cloud 

If wc calculate the force due to the electrification of a large 
body of air at a considerable distance fiom other electnfied bodies 
we shall find that it is not capable of jiroducing effects on the 
motion of so large a mass wluch ore at all comparable to the 
eflects of the sbght variations of density and other causes which 
produce the movements of the atmosphere Hence the motion ol 
thunder clouds is duo almost entire! v to at.mosjdieric currents and 
IS not sensibly affected by then electiiffuation 

144] When an electnfied }iortion of air etunes nwir tlu' surface 
of a conductor, it induces on that suifacc an eloefnileation opi'O'-ite 
to its own and is attracted towanls the surfiiee, but since the 
electromotive force is small the electnfied particles inav lemain for 
a long time in the neighbouihoiKl of the conductor without lieing 
dmwn into coni act with it and discharged 

To detect the presence of this electrified atmosphere clinging 
to a conductor we have only to insulate the conductor and connect 
it with an electrometer If we now blow awav the electrified air 
from Its surface, the electrometer will indicate the electrification 
of the conductor itself, which is of course of the ojiposito kind 
to that of the electrified air Thus, if w'u hold in the hand a 
hollow metal cylinder over an electnfied point, wc may cleetnfy 
the air within it If we then place it on an insulated stand in 
connexion w ith the electrometer, the eleeti ometor will remain at 
zero till the ehetnfied air is removed, which may be done by 
blowing air through the cylinder The electrometer will then 
indicate the clectnfication of the cyhnder, which is of the o])posite 
kind from that of the electnfied air. 

145.] The glow is more easily formed in rare air than in dense 
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■ir, and more easily when the point is positive than when it is 
negative. This and many other differences between positive and 
negative elcctnhcation seem to depend njion a condition analogous 
to electrolytic ]iolarization in the stratum of air in contact with 
the electrode It appears that the electromotive force required 
to cause an cleotnc discharge to take place is somewhat smaller 
whore the electrode at which the discharge begins is negative, but 
that the quantity of electricity in each discharge is greatest when 
the electrode at which the discharge begins is positive. 

146 ] A line point may be used instead of a proof plane to deter- 
mine the nature of the electrification of any part of the surface of 
a conductor when electricity is induced upon it in presence of 
another electrified body For this purjiose the point is fixed to the 
conductor so ns to project a few millimetres from its surface If 
the part of the surface to which it is fixed is electrified positively 
the iioint gives off positive electricity to the air, and the conductor 
loses positive electricity or gams negative electiicity This may 
be ascertained either by removing or discharging the inductor and 
ascertaining the character of the charge of the induced body, or by 
connecting the induced body with the electrometer and observing 
the change of jiotential as the point throws off its electricity. 

It has been found that some vegetable thorns, pnckics, or spines 
act more perfectly in tin owing off electricity than the finest pointed 
needles which can be procured 

The action of tlio point may be assisted by blowing air from 
a blowpipe over Ibe jHiint, and in this way we may prevent the 
eleetrilied air from dibcharging itself on the surface of the inductoi 

The Electne Jirvth. 

147 ] The electric brush is a phenomenon which may be pro- 
duced by electrifying a blunt point or a small ball in air so as to 
produce an electric field in which the tension diminishes as the 
distance fiom the hall increases, but not so rapidly as m the case of 
a sharp point The brush consists of a succession of discharges, 
ramifying as they diveige from the ball into the air, and termin- 
ating either by charging portions of air or by reaching some other 
conductor The brush produces a sound, the pitch of which depends 
on the interval between the successive discharges, and tliere is no 
cuiTcnt of air as in the case of the glow. 
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The Electric Spark. 

148.] When the tension in the space between the two electrodi'i. 
IS considerable all the way between them, as m the case of two balls 
whose distance is not veiy great compared with their radii, the 
discharge, when it occurs, usually takes the form of a spark, bv 
which nearly the whole elect] lilcation is discharged at once 

In this case, when any part of the dielectric has given way, the 
part next to it in the direction of the electric force is put into 
a state of greater tension, so that it also gives way, and so the 
discharge proceeds right through the dielectric We may compare 
this breaking down of the dielectnc to w'hat occurs when wo make 
a little rent perpendicular to the edge of a jacce of jaiper and then 
apply tension to the laqier in the direction of the edge The paper 
IS torn through, the disruption beginning at the little rent, but 
diverging oceusionally so as <■<) take in weak places in the jiajMT 
The electric spark in the same way liegins at the point where the 
electric tension first oiercomes the ‘electric sliength ’ of the dielec- 
tric, and iiroceeds from that jHiint, in an ajiparently iricgular path 
so as to take in other wcalv jioints, such as particles of dust floating 
in the air 

149 ] The investigation of the phenomena of the luminous 
elcctnc discharge has been greatly assisted by the use of the spec- 
troscope The light of the spiaik or other discharge is made to fall 
on the slit of Ihe eollimatoi of the speetrosi o]>e, and after being 
analysed by the jinsnis is obsciied through the telescope. Tlie 
light as thus anahsed is found fo consist of .a great nunilK'r ot 
bright lines and bands forming what is culled the spectrum of the 
light. By comparing light from diflercnt sources it is found that 
these blight lines may be diiided into groups, each group being 
due to the presence of a pai ticular substance in the medium through 
which the discharge takes jilace 

By using the method introduced by Mr Lockyer of forming 
an image of the spark u|)on the slit by mean- of a lens, we may 
obtain at one view a com{)anson of the constituents of the medium 
which are rendered luniinous by the dielectric discharge at the 
different points of its path. Close- to either electrode the lines are 
pnneipally due to the metal or metals of which that electrode 
consists. At greater distances these lines liecome fainter, thinner, 
and less numerous, but the sjiectrum belonging to the gas through 
which the discharge takes place remains visible. 
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Some of the lines due to the metals appear longer than others, 
shewing that they can be formed in regions of the spark where 
others are no longer visible, owing either to a deficiency in the 
amount of the metallic vapour or to a want of vigour in the electric 
disturbance It thus appears that the electnc discharge separates 
an appreciable amount of matter even from the hardest metals and 
carries the particles through the air to a distance of several milh- 
meti'es from the surface of the metal. It also appears by a com- 
parison of s{>arks from different electrodes and through different 
gases that no jiart of the light is emitted by any substance common 
to all the different eases, but that everj' line is due to one or other 
of the chemical substances present 

It follows from this that neither the electiic fluid, if there be 
such a substance, nor am ethereal medium such as is supposed 
to pervade all ordinary mutter, is rendered luminous during the 
discliaige, for if it were so its sjicctrnni would be visible in all 
discharges 


Ou ftteadt/ Current* 

150*] In the case of the enrrent between two insulated con- 
ductors at different potentials the opcmtion is soon brought to an 
I lid by the equalization of the jtutiutiuls of the two bodies, and the 
( iirrent is therefore essentiidU a Tiansient current 

Hut there nic methods b\ which the difference of ]>otentlal of 
tile conductors iiiui lie maintained constant, in which case the 
current will continue to How with uniform stiength as a Steady 
(birreiit 


Tultaif Battery 

The most com cnieiit method of producing a steady current is by 
means of the Voltaic Hatteiv 

For the sake of distinctness we shall describe Daniell’s Constant 
Hatterv — 

A solution of sulpliate of nnc is jilaeed in a cell of porous earthen- 
ware, and this cell is placed in a vessel containing a saturated 
solution of sulphate of copper A piece of zinc is dipjied into the 
sulphate of zinc, and a piece of cop^ier is dipped into the sulphate 
of copper IVircs are soldered to the zinc and to the copper above 
the surface of the liquid This combination is called a cell or 
element of Daniill's battery See Art. 193.* 
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151*.] If the cell la insulated by bein^ jilaced on a non-con- 
ducting stand, and if the -wire connected with the coj)i)er is put 
in contact with an inhulated conductor and the wire connected 
with the zinc is put in contact with B, another insulated conductor 
of the same metal as A, then it may be shew n by means of a deli- 
cate electrometer that the potential of A exceeds that of Ji by a 
certain quantity. This difference of iwtentiak is called the Elec- 
tromotive Force of Daniell’s Cell 

If A and Ji are now disconnected fiom the cell and put in 
communication by means of a wiic, a transient current passes 
through tlie wire from A to Ji, and the potentials of A and Ji 
become equal A and B may then be charged again by the cell, 
and the process repeated as long as the cell will vioik Hut if 
A and Ji be connected by means of the wire C, and at the same 
time connected with the battcrv as before, then the cell will main- 
tain a constant current through C, and al'<o a constant dillerence 
of potentials between A and li. This difference will not, as we 
shall see, be equal to the whole clectiomotive foiec of the cell, for 
part of this force is spent in maintaining the current thioiigh the 
cell itself 

A number of tells placed in senes so that the zinc of the first 
cell IS connected lu inctid with the copper of the second, and so 
on, lb called a Voltaic Hattcl> The clectroiiioti\<' i'oicc of such a 
battery is the sum of the electromotive forces of the cells of which 
it is com]K>sed. If the battery is inMilateil it may be cliarged with 
clectncity as a whole, but the jiotentiul of the eop])er end will 
always exceed that of the /.me end by the electromotive force of 
the battery, whatcici the absolute value of cither of these poleiituils 
may be. The celh of the battery may be of very various constiuc- 
tion containing different chemical siiWances and different metals, 
provided they are bueh that chemical action docs not go on when 
no current passes 

152*.] Let us now consider a voltaic battciy with its ends in- 
sulated from each other. The copjicr end will be positivclj' or 
V itreously electnfied, and the zinc end w ill be negatively or resin- 
ously electnfied. 

Let the two ends of the battery be now connected by means 
of a wire. An electric current will commence, and will in a very 
short time attain a constant value. It is then said to be a Steady 
Current. 
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Magnetic Action «f He Current. 

153*.] Oersted discovered that a ma^et placed near a straight 
electric current tends to place itself at right angles to the plane 
passing through the magnet and the current. 

If a man were to ]ilace hia body m the line of the current so 
that the current from oopjjor through the wire to zinc should flow 
from his head to his feet, and if he were to direct his face towards 
the ccntie of the magnet, then that end of the magnet which teiuh 
to point to the north would, when the current flows, tend to point 
towards the man’s right hand. Thus we see that the clectne 
current has a magnetic action which is exerted outside the current, 
and hy which its existence can he ascertained and its intensity 
measured without breaking the circuit or introducing an 3 rthing 
into the current itself. 

The amount of the magnetic action has been ascertained to he 
strictly projiortion.il to the stnmgth of the current as measured 
by the products of clwtrolysis in the voltameter, and to be quite 
independent of the nature of the conductor in which the current 
IS flowing, whether it ho a metal or an electrolyte. 

154*.] An instrument which indicates the strength of an elcctrii 
current by its magnetic cflects is called a Galvanometer 

Gul\anoniet<'rs in general consist of one or more coils of silk- 
covered wire within which a magnet is siisiicnded with its axis 
hori/oiitid. When a current is passed through the wire the magnet 
timds to set itself with its axis |)erjH'ndicular to the jilane of the 
coils. If wc BujijKise the jilane of the coils to lie placed jiarallel 
to the iilane of the earth s equator, and the current to flow round 
the coll fioiii east to west in the diieetion of the apparent motion 
of the sun. then the magnet within will tend to set itself with 
its niagnetuution 111 the same direction as that of the earth con- 
sidered us a great magnet, the north jiole of the earth being similar 
to tliat end of the eomjiass needle which points south. 

The gahanometer is the most convenient instrument for measur- 
ing the strength of electric currents AVe shall therefore assume 
the possibility of constructing such an instrument in studying the 
laws of these currents, and when we say that an electric current is 
of a certain strength we sujipose that the measurement is effected 
by the galvanometer. 
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On Sjftfem* of Linear Conductor*. 

155* ] Any conductor may be treated as a linear conductor if it 
IS arran^d eo tbat the current must always pass in the same manner 
between two portions of its surface which are ealled its electrodes. 
For instance, a mass of metal of any form, the surface of u Inch is 
entirely covered with insulating material except at tu o places, at 
which the exposed surface of the conductor is m metallic contact 
with electrodes formed of a perfectly condiictinff material, may be 
treated as a linear conductor For if the current be made to enter 
at one of these electrodes and escajio at the other the lines of flow 
will be detennmate, and the relation between electromotive force, 
cuirent, and resistance will be expressed by Ohm’s Law, for the 
current in every part of the mass will be a linear function of E. 
Hut if there be more possible electrodes than two, the conductor 
may have more than one independent ciiricnt through it. 


Ohm's Law. 


156* ] Let E be the electromotive force in a linear conductor 
from the electrode A■^ to the electrode (See Art. 5 ) Let 
(' be the strength of the electric current along the conductor, that 
IS to say, let C units of eicctncity jiass across every section in 
the direction A^ in unit of time, and let 72 be the resistance of 
the conductor, then the expression of Ohm’s Law is 


E 


= VJl. . 


( 1 ) 


The Kcsistancc of a conductor is defined to bo the ratio of 
the electromotive force to the strength of the current which it 
produces. The introduction of this term would have been of no 
scientific value unless Ohm had shewn, as ho did ex]>enmentally, 
that it corresponds to a real jiinsical quantity, that is, that it has 
a definite value which is altered only when the nature of the con- 
ductor IS altered 

In the first place, then, the resistance of a conductor is indepen- 
dent of the strength of the current flowing through it. 

In the second place the resistance is indejiendent of the electric 
(lotential at which the conductor is maintained, and of the density 
of the distribution of electncitj' on the surface of the conductor 

It depends entirely on the nature of the material of which the 
conductor is composed, the state of aggregation of its parts and its 
temperature. 
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RESISTANCE OF CONDUCTORS IN SERIES. [l57*. 

The resistance of a conductor may be measured to within one 
ten thousandth or even one hundred thousandth part of its -value, 
and so many conductors have been tested that our assurance of the 
truth of Ohm’s Law is now very high*. 


Linear Condnefor* arranged in Sertee. 

157* ] Let //, , jfj be the electrodes of the first conductor and let 
the second conductor be placed with one of its electrodes in contact 
nith X, HO that the second conductor has for its electrodes A 2 , 

The electrodes of the third conductor may be denoted by A^ 
and A^. 

Let the electromotive force along each of these conductors be 
denoted by A’l^, A’j,, and so on for the other conductors. 

Let the resistance of the conduetors be 

Then, since the conduetors arc arranged in senes so that the same 
current 6' flows through each, wo have bv Ohm’s Law, 

= cr,2, a;, = CR^, = cr^, (2) 

If E IS the resultant electromotive force, and R the resultant 
icvistanoe of the system, wc must have by Ohm’s Law, 

E=CR. (.3) 

Now A = / 4 ’,j + A’j.,+A’„ (4) 

the sum of the separate electromotive forces, 
= C (i/jj + R^i + ^34) by equations (2) 

Tom paring this result with (3), we find 

R=R^+R_2+R^ (5) 

Or, the leeietanee of a tenet of couductors it the sum of the retitianees 
of the couductors taken scpaiatelg. 


Potentud at any Pmnt <f the Series 


Let A and C be the clectrodeh of the senes, B a point between 
them, a, c, and b the jiGtcntials of these points respectively. Let 
R^ lie the resistance of the part from A to li. R^ that of the part 
from B to T, and R that of the whole from A to C, then, since 
a — h ■=. RfJ, h — e = R,p, and a—r = RC, 


the ]otential at B is 




• • ( 6 ) 


* [See Report of Britiah Asbociation, 1676 ] 
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which determines the potential at .8 n hen those at A and C are 
given. 


Hestifanee qf a Multiple Couduciar. 

158*.] Let a number of conductors JBZ, ACZ, ADZ he arranged 
side by side with their extremities in contact with the same two 
points A and Z. They are then said to be arranged in multiple 
arc 

Let the resistances of these conductors be /fj, TPj, 8, resjieet- 
ively, and the ciinents Cj, C^, t7,, and let the resistance of the 
multiple conductor be R, and the total current C. Then, since the 
potentials at A and Z are the same for nil the eondiictors, they hai e 
the same difference, which we may call J-J We then have 
£ = C\ r, /.’j ^ Cli, 

but 6^ = (7^ + t/g + f , , 

1. 1111 

whence -J{ = }{] + Ji- + ¥; 

Or, tAe reciprocal of the reeitfance of a mu (h pie conductor it fhe mm 
of the reriprocalt of the component condneton 

If we call the reciprocal of tlie rcbislance of a conductor the 
conductivity of the conductor, then we may say that the con- 
diictiritp of a multiple conductor it the turn of the eondinlaitiet of 
the component eonductort 


Current in any Branch of a Multiple Conductor. 

From the equations of the preceding article, it a]>pears that if 
C, IS the current in any branch of the miiltijilu c-onductor, and 
the resistance of that branch, 

Cl = ( 8 ) 

where C is the total current, and R is the resistance of the multijile 
conductor as previously determined 

Kirchhoff has stated the conditions of a linear sjstem in the 
following manner, in which the consideration of the potential is 
avoided 

(1) (Condition of ‘continuity ’) At any ])oint of the system the 
sum of all the currents which flow towards that jioint is zero. 

( 2 ) In any complete ciicuit formed by the conductors the sum 
of the electi emotive forces taken nnind the circuit is cipial to the 
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Hum of the products of the currents in each conductor multiplied 
)>y the resistance of that conductor. 

Longitudinal Retiaianee of Cowlucton of Uniform Section. 

159*.] Let the resistance of a cube of a given material to a 
current parallel to one of its edges be p, the side of the cube being 
unit of length, p is called the ‘ specific resistance of that material 
for unit of volume ’ 

Consider next a prismatic conductor of the same material whose 
length 18 I, and whose section is unity This is eqmvalent to I 
enlies arranged in senes. The resistance of the conductor is there- 
fore Ip. 

JKinally, consider a conductor of length I and uniform section «. 
This IS equivalent to » conductors similar to the last arranged in 
multiple arc. The resistance of this conductoi is therefore 



s 


When we know the resistance of u uniform wire we can determine 
the specific resistance of the matenal of which it is made if we can 
measure its length and its section 

The sectional area of small wires is most accurately determined 
hv calculation from the length, weight, and specific gravity of the 
'■|) 0 cimen. The determination of the specific gravity is sometimes 
inconvenient, and in such eases the resistance of a wire of unit 
length and unit mass is used as the ‘ specific resistance jicr unit of 
weight.’ 

If r is this resistance, I the length, and ni the mass of a \iire, then 



m 



CHAPTER X. 


PHENOMENA OF AN ELECTRIC CITRRENT WHICH FLOWS 
THROUGH HETEROGENEOUS MEDIA. 

1 Thermo-eleetrie phenomena. 

160] Seebeck, in 1822, discovered that if a circuit is foiined of 
two different metals, and if the two junctions of the metals are 
kept at different temperatures, an electric current tends to flow 
round the circuit. If the metals are iron and copper at tempera- 
tures below 280° C, the current flows from copper to iron throuffh 
the hotter junction Thoie is therefore, in peneral, an electro- 
motive force acting in a definite direction round the circuit, whenever 
the two junctions are at different temperatures 

In a circuit formed of anjr numlier of metals all at the same 
temperature, there can be no current, for if there were a current 
it miffht bo constantly employed to work a machine or to ffencrate 
heat in a conductor, and this without any enerffy hemp supplied 
to the system from without, for in order to keep the circuit at 
a constant temiierature nothing is required except to prevent heat 
from entering oi leaving it Hence at any given temperature 
the electromotive force in a circuit of three metals, A, H, C must 
be zero for the whole circuit. Hence if the electromotive force 
from C to A is a, and that ^’lom C io Ji is h, .ind that from H to A 
X, then in the circuit A, Ji, C, the total electromotive force is 
a — 6 — x= 0, so that x, the electromotive force from Ji to A is 
represented by a — h, where a and b arc quantities determined by 
observation of the electromotive force from any third metal C 
to the metals A and B. We may c.xpress this by saying that 
the quantities a and b are the pvientiah of the metals A and B 
with resjiect to a third metal C at the giv'en temperature. The 
potential of A with respect to JS is a — i The actual determiua- 
tion of the relative jiotentials of the metals will be explained in 
Art. 182. 

K 
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LAW OF MAGHUB. 
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161.] It has been shewn by Magnus* that if a circuit be fonned 
of a single metal, no current will be formed in it, however the 
temperature and the section of the conducting circuit may vary 
in different parts Since in this case there is neeessanly con- 
duction of heat, and consequently dissipation of energy, we cannot, 
as in the former case, consider the result as self-evident. The 
electromotive force, for instance, between two portions of the 
circuit at given temperatures might depend on the length or 
the mode of variation of the section of the intermediate portion 
of the circuit In fact the experiments of Le Roux and others 
have shewn that the law of Magnus is no longer applicable in 
a circuit in which there is a very abrupt variation of temperature, 
as at the instant when the circuit is closed by a hot wire coming 
in contact with a cold wire of the same metal. Even without 


Fig 33 

any physical di‘!continuity of the circuit such as is implied in 
the contact of two separate pieces of wire, a suflGciently abrupt 
variation of temperatnrc may be produced by taking a thick 
wire and filing down a certain length of it till it is very thin 
If the junction of the thick and the thin portions is placed in 
a flame, the thin portion will be heated so much more rapidly 
than the thick portion, that the variation of temperature will bo 
BO abrupt that the law of Magnus fails, and we obtain a current 
in a circuit of one metal , wc must therefore modify the statement 
of the law of Magnus as follow's — 

The eheiromotwe force from one pomt of a conductor <f homogeneout 
metal to another depend* only on the temperature of thete point* vnlet* 
at any part of the conductor a sentihle variation of temperature occur* 
hettreen point* whoue distance t* within the limit* of molecular action. 

Thermo-electric jiotrer of a metal at a given temperature. 

162.] Let us now consider a hnear circmt made up of alternate 
pieces of two metals, say lead and iron. We shall assume lead 
to be the standard metal, and study the properties of iron in 
relation to lead. 

In the figure the pieces of iron are distinguished by shading 
Let the temperatures of the junctions be those indicated in the 
* ITogs A»ii 1861 ] 




THEBMOBLECTBIC POWER. 


131 


i63-3 


figQie, in which the tempenitnres of the extremities of each piece 
of iron differ by one degree, but the temperatnree of the extremities 
of each of the intermediate pieces of lead are equal. The total 
electromotive force round the circuit is the sum of the electromotive 



Fig 34 

forces due to the thermo-electric action of the different pairs of 
junctions. Now if jve consider the juiirs j-/ and ]i, C and B, E 
and F belonging to the pieces of iron we find that the tcmiierature 
rises one degree m each piece, but if we take the ]>airs £ and (', 
D and E belonging to the pieces of lead, the temperature in 
each pece is uniform and therefore there is no electromotive force 
in these pieces. We may therefore leave the intennediatc pieces 
of lead out of account, and consider the electromotive force due 
to the junctions A and F as eqmvalcnt to the sum of the electro- 
motive forces of the three pirs of junctions A and B, C and JD, 
E and F, 

Hence if a diagram is constructed in which the axis OZ is 
marked with the degrees of the therniomctnc scale and in which 
the area 0“7’<2 1° represents the electromotive force when the 
junctions are at O' and 1° and so on, then the electromotive force 


T 



when the junctions are at any given temperatures will be re- 
presented by the area included between the axis, tbc ordinates at 
the given temperatures and the line PQBST. 

168.] Any ordinate such as O^P, 1° Q, &c., is called the Thcmio- 
electnc Power of iron with respect to lead at Ct, 1°, &c., and is 
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reckoned positive when, for a small difference of temperature, the 
current is from lead to iron through the hot junction. 

We mB 7 also on the same diagram construct other lines, the 
ordinates of which represent the thermo-electric powers of any 
other metals with respect to lead, being reckoned positive and 
measured upwards when for a small difference of temperatures 
the current sets from lead to that metal through the hot junction. 
Such a diagram is called a thermo-electric diagram, and from it 
we can deduce the electromotive force due to any pair of metals 
with their junctions at any given temperatures. 

Thus if u is the line representing the metal A, and 6 B another 
representing the metal B, and T, t the 
temperatures of the junctions, the 
electromotive force of the circuit is 
represented by the area ABlaA and 
it acts in the direction indicated, 
namely, from the metal A to the 
metal B through the hot junction. 

If, instead of lead, we had assumed 
any other metal as the standard 
metal, tlio diagram would have been 
altered in form, but all areas measured 
on the diagram would have remained 
the same, the change of form being 
duo to a shearing strain in nhich the slipping is along vertical 
lines. 



Thermo-elec(nr Tniemon 

164] Gumming in 1823 discovered several cases in which the 
thermo-electric order of two metals as observed at ordinary tempera- 
fiires becomes inverted at high temperatures. The lines corre- 
H]K)nding to these metals on the thermo-electric diagram must 
therefore cross one another at some intermediate temperature, called 
the Neutral Temjierature for these metals 

Tail has recently investigated the lines which represent a con- 
hidcrable number of metals m the thermo-electnc diagram, and he 
finds that for most metals they are nearly if not exactly straight 
lines. ITie lines for iron and nickel however have considerable 
sinuosities, so that they may intersect the straight lines belonging 
to another metal in several different points correspondmg to several 
different neutral temperatures. 
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Thermal effect* tff the Current. 

165.] By applying the pnnciple of the conservation of energy to 
the case of a thermo-eleetnc cnrrent, it is easy to see that certain 
thermal effects must accompany the electric current 

Let us consider nhat takes 2 >lace while one unit of electricity 
is transmitted across any section of the circuit. The work done 
on the electric current is the product of the electromotive force 
into the quantity of eleetneity transmitted, and since this latter 
quantity is unity, the work is nnmeneally equal to the electio- 
motive force, and is represented by the area AMa in the thermo- 
electnc diagram. If the cnrrent is allowed to flow without 
anytlung to imjiede it cxcejit the resistance of the circuit, the 
whole of the work will be converted into heat, but if the resistance 
of any part of the circuit such as a long ami fine wire greatly 
exceeds that of the thermo-electne couple, the heat generated in 
that jiart of the circuit will greatly exceed that gcneratiKl in the 
thermo-electric couiile itself Instead of allowing the cuirent to 
generate heat, wo may make it diivo a magneto-electric engine, 
and so convert any given projwition of the work info mechanital 
work. 

Thus for every unit of electricity which is transmitted, a certain 
amount of woik is done by the thermo-elcctno forces on the cuiTent. 
The only source of this work is the heat of the thcrmo-electiic 
couple, and therefore, by the pnnciple of the conservation of energy, 
we conclude that an amount of heat, dynamically equivalent to this 
work, must have disappeared in some part of the circuit 

166] Now Peltier* in 1831 found that when an electric eurrnet 
18 mode to pass from one metal to another which has a higher 
thermo-electric power, the /unction is cooled, oi, since there is no 
permanent change in the metals, there is a disapiicarance of heat. 
When the current is made to flow in the opiiosite direction thi' 
junction IS heated, indicating a generation of heat 

This thermal effect of the current at the junction is of quite 
a different kind from the ordinary generation of heat by the current 
while it overcomes the resistance of a conductor The latter, 
which we may call with Thomson the fniUttnal generation of heat, 
is the same when the direction of the current is reversed, and 
vanes as the square of the strength of the current. The former 

* Aunales de Cluniie et de Physique, Ivi p 371 (1834). 
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which we shall call the Peltier effect, is levened when the cniient 
is reversed, and depends simply on the strength of the current. 

167 ] But Thomson has shewn that besideB the Peltier effect, 
there must in certain metals be another reversible thermal effect 
of the current. The current must generate or absorb heat when 
it passes from hotter to colder or from colder to hotter parte of 
the same metal. Thus, let a thermo-electric couple of copper and 
iron be kept with one junction AB at the neutral temperature 
which is about 280‘'C, and the other, ab, at some lower temperature. 
The thermo-clcctnc current is from copper to iron at the hot 
junction Ali and from iron to copper at the cold junction ab 

Now the Peltier effect at the hot junction, AB, is zero, for that 
junction IS at the neutral temperature, and the Peltier effect at the 
cold junction, ab, is a generation of heat, for the current is there 



Rif S7 


passing from the metal of 
higher to the metal of lower 
thermo-electric power. Hence 
the absorption of heat which 
must exist in order to account 
for the work done by the cur- 
rent must take place in some 
other part of the circuit, either 


in the copper where the cur- 
rent IS flowing from cold to hot, or in the iron where it is flowing 
from hot to cold, or m both metals This thermal effect of the 


current was predicted by Thomson us tho result of reasoning 
similar to that here given. He afterwards verified this pre- 
diction experimentally, and found that m iron unequally heated 
a current from hot to cold cools the metal, while a current from 
cold to hot heats it, and that the reveree thermal effect takes 
place in copper We shall refer to this thermal effect as the 
Thomson effect 


168 J rhonisnn has shewn that a very close analogy subsists be- 
tween these thermo-electric phenomena and those of a fluid ciicu- 
lating in a tube consisting of two vertical branches connected by 
two horizontal branches A fluid, heated in one part of the circuit, 
and passing on into cooler parts of the sj^stem, will give out heat, 
and when it passes from colder to warmer parts will absorb heat, 
the amount of heat emitted or absorbed depending on the specific 
heat of the fluid. According to this analogy, positive or vitreous 
electricity carries heat with it in copper as if it were a real fluid. 
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171.] 

bnt in iron it behaves as if its specific heat were a negative qoan* 
tity, which cannot be the ease m a real flnid. Hence Thomson 
expresses the feet by saying that negative or reamous electricity 
carries heat with it in iron Neither kind of electricity, therefore, 
can be regarded in this respect as a real fluid We may therefore 
adhere to the usual convention, and speaking of the positive elec- 
tricity only, we may say that in copper it behaves as if its specific 
heat were positive, and in iron as if it were negatii e 

169 ] M Le Roux*, who has made some very careful experiments 
on the Thomson clTcct, finds that in lead the specific heat of 
electricity is either zero or very small indeed. Professor Tait has 
therefore adopted lead as the standard metal in his thcimo-electnc 
measurements 

170. ] We may express both the Peltier and the Thomson effects 
by stating that when an electric current is flowing from places of 
smaller to places of greater thermo-electric power, heat is absorbed, 
and when it is flowing in the reverse direction heat is gcnciuted, 
and this, whether the difierence of thermo-electric power in the two 
places anses from a difference in the nature of the metal or from a 
difference of temperature in the same metal. 

171. ] The amount of heat absorbed corresponding to a given 


a 



Fig 38 


increase of thermo-electric power, must depend on the U'lnpei’aturc 
as well as on the amount of that increase. For consider a circuit 
consisting of two metals, neither of which exhibits the Thomson 
eflhct. Such a circuit would be rejiresentcd in the thermo-electric 
diagram by the parallelogram AahB with horizontal and vertical 
Bides. If the current flows in the direction AabB heat is absorbed 
in BA and generated on ab, and no reversible thermal effect occurs 
elsewhere. Also the heat absorbed in BA exceeds that generated 


* Annales de Chimie et de Pbyatqne (4), x p 143 '1867) 
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SECOND LAW OF THEBMODYNAHICS. [172. 

in ab by a quantity repreaented by the paraUeloifTam BAah Hence 
if we produce Aa and Bb and draw the vertical line a)3 at such a 
distance that the heat absorbed at the junction AB is represented 
by the pandlelogram BAafi, the heat generated at the junction ab, 
which, as we have seen, is lees than this by the paraUelog^m BAab, 
will be represented by the parallelogpram abfia. The Peltier effect 
therefore is measured by the product of the increase of thermo- 
clectnc power in passing from the first metal to the second into 
the temperature reckoned from some point lower than any observed 
temperature, and is of the form (<f>i—<}>i) {f — ^i)> when the current 
flows from a metal in which the thermo-electric power is to 
a metal in which it is , and t is the thermometer reading, and 

is a constant, the value of which can be ascertained only by 
experiment 

172 ] Thus far we are led by the principle of the Conservation 
of Energy. It is a coneoi{uence, however, of the Second Law of 
Thermodynamics, that in all stnetly reversible operations in which 
heat is transformed into work or work into heat, the amount of heat 
absorbed or emitted at the higher temperature is to that emitted or 
absorbed at the lower temperature as the higher temperature is to 
the lower temperature, both being reckoned from absolute zeio of 
the thermodynamic scale It follows that the line a/3 must be 
drawn in the position corresiKindmg to the absolute zero of the 
thermodynamic scale, and that the exjaression for the beat absorbed 
may be written (<#>2 — where 9 is the temperature reckoned 
from absolute zero It is true that the theimo-elcctnc ojierations 
cannot bo made completely reversible, as the conduction of heat, 
which is an irreversible ojieration, is always going on, and cannot 
be prevented. IVe must therefore consider the application of the 
Second Law of Thermodynamics to the reversible part of the 
phenomena as a very probable conjecture consistent with other 
jiarts of the thcoiy of heat, and verified approximately by the 
measurements of the Peltier and Thomson effects by Le Roux 

173] We are now able to express all the thermal and electro- 
motive effects in terms of the areas in the thermo-electric diagram. 
Let Ji be the hno for one metal, say iron, Ce that for another, say 
copper. Let T be the higher temperature and t the lower, and let 
0 represent the position of absolute zero. Let the current flow m 
the direction Cite till one unit of electricity has passed Then the 
heat absorbed at the hot junction will be represented by the area 
ClQlt. This IB the Peltier effect 
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The heat absorbed in the iron is represented by /iPQ.. .Thomson 

efiect. 

The heat generated in the cold junction, by teSP,,,'Pe\Uer 

effect 

The heat absorbed in the copper, by c6’if A’,.. Thomson 

effect. 



The whole heat absorbed is therefore represonted by Cl tPSc, and 
the heat generated by ilSP, leaving Chi for the beat absorbed us 
the result of the whole operation. This heat is converted into the 
work done on the clootrio current 

174.] Entropy*, in Thermodynaimes, is a quantity relating to 
a body such that its increase or diminution implies that heat has 
entered or left the body The amount of heat vliieli enters or 
leaves the body is measured by the product of the incre.i.«c or 
diminution of entropy into the tcinjicrature at which it takes 
place 

In this treatise we have avoided making any assumiition that 
electricity is a body or that it is not a body, and wc must also aioid 
any statement which might suggest that, like a body, eJectrieitj 
may receive or emit heat 

We may, however, without any such assumption, make use of 
the idea of entropy, introduced by Clausius and Kunkine into the 
theory of heat, and extend it to certain thermo-electric phenomena, 
always remembering that entiopy is not a thing hut a mere instru- 
ment of scientific thought, by which w e are enabled to express in a 

* [Art> 174-181 coDBiat pnncipslly of » repetition Ilf Art* 167-173, but exjireBsod 
xn the language of thu doctrine of Entropy It wae probably the intention of Pr» 
fesBor Clerk Maxwell to insert them or »oine modibostinn of them in place of the 
foregoing Articles, but it has been thought best not to alter the contmuouB MS , but 
fimply to inbort the separate ArticleB here as repreBenting a slightly different method 
of applying the Second Law of Thermodynanucs to thermo-electnc phenomena ] 
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compact and convenient manner the conditions under which heat 
is emitted or absorbed. 

175 ] When an electric current passes from one metal to another 
heat is emitted or absorbed at the junction of the metals. We shall 
therefore suppose that the electric entropy has diminished or in- 
creased when the electricity passes from the one metal to the other, 
the electric entropy lieing different according to the nature of the 
medium in which the electricity is, and being affected by its 
temperature, stress, strain, &c It is only, however, during the 
motion of electricity that any thermo-electric phenomena are pro- 
duced. 

176 ] It is proved m treatises on thermodynamics that in all re- 
versible thermal operations, what is called the entropy of the system 
remains the same. (Maxwell’s Theory of Heat, 5th ed p 190.) 

The entropy of a body is a quantity which when the body re- 
ceives (or emits) a quantity of heat, H, increases (or diminishes) by 

a quantity where 6 is the temperature reckoned on the ther- 
modynamic scale. The entropy of a material system is the sum of 
the entropies of its parts. 

177 ] The thermal effects of electnc currents are in part re- 
versible and in part inoversible, but the reversible effects, such as 
those discovered by Peltier and Thomson, are always small com- 
pared with the irreversible effects — ^tho frictional generation of heat 
and the diffusion of heat by conduction Hence wc cannot extend 
the demonstration of the theorem, which applies to completely re- 
versible thermal ojierations, to thermo-electric phenomena 

But, as Sir Wm Thomson has pointed out, we have great 
reason to conjecture that the reversible portion of the thermo-electnc 
effects are subject to the same condition as other reversible thermal 
operations. This conjecture has not hitherto been disproved by any 
experiments, and it may hereafter be verified by careful electric and 
calorimetric measurements In the meantime the consequences which 
flow from this conjecture may be conveniently desenbed by an ex- 
tension of the term entropy to electnc phenomena 

The term Electric Entropy, os we shall use it, corresponds to the 
term Thermo-electric Power, as defined by Sir W. Thomson m his 
fifth paper on the Dynamical Theory of Heat (Trans. B. S. E. 
Ist May, 1854 , Art. 140, p. 151). 
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Thermo-eleetrie Diagram 

178] The most convenient method of stndjing' the thcoiy of 
thermo-electric phenomena is by means of a dia^mm in which the 
temperature and electnc entropy of a metal at any instant are 
represented by the horizontal and vertical coordinates of a point 
on the diagram Thna, if OC represents the temperature, reckoned 
from absolute zero on the thermodynamic scale, of a piece of a 
certain metal, and if CA represents the electric cntrojiy corre- 
sponding to the same piece of metal, then the point A will indicate 
by its position in the diagram the thcrmo-elrctnc state of the piece 
of metal. In the same way we may find other (oints in the 
diagram corresponding to the same metal under other conditions or 
to other metals. 

If in the path of an electnc current eleetncity passes from one 
metal to another or fiom one ]>oition of a metal to another at 
a ditTcrent temperature, the different points of the electric circuit 



will be represented by corrcsjionding points on the thcrmo-elcctric 
diagram. The path of the current will thus be represented by 
a line or path on the thermo-electric diagram When the current 
flows in a single metal, A, from a point at a timperafure OC to 
another at a temperature Oc, the path is reprewnted by the line Aa, 
the points of which represent the state of the metal at intermediate 
temperatures. The form of the path depends on the nature of 
the metal and on the other influences which act on it besides 
temperature, such as stress and strain Professor Tait, however, 
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finds that for most of the metals except iron and nickel, the path 
on the thermo-electric diagram is a straight line. 

When the corrent flows from the metal A to another metal £ 
at the same temperature, the path is represented hy AB, a vertical 
straight Ime The circuit traversed by the electric current will 
thus be represented by a circuit on the thermo-electric diagram. 

The heat generated while a umt of electricity moves along the 
path Aa is represented by the area of the figure AaQPA, bounded 
by the ]»,th Aa, the horizontal ordinate at a, the line of zero tem- 
perature and the horizontal ordinate at A If this area lies on the 
right of the path, it represents heat generated ; if it lies to the left 
of the path it represents heat absorbed 

179.] If electricity were a fluid, runnmg through the conductor 
as water does through a tube, and always giving out or absorbing 
heat till its temjierature is that of the conductor, then in passing 
from hot to cold it would give out heat and in passing from cold to 
hot it would absorb heat, and the amount of this heat would depend 
on the specific heat of the fluid. 

In the diagram the specific heat of the fluid at A would be 
rejircsented by the lino aP, where a is the point where the tan- 
gent to the path at A cuts the line of zero temperature, and P 
18 the intersection with the same lino of the horizontal ordinate 
through A 

Tho lino Aaa in the diagram is such that the electric entropy 
increases as the temperature nses This is the case with copper, 
and thereforo we may assert that the specific heat of electncity in 
copper is positive. 

In other metals, as for instance uon, the electric entropy 
diminishes as the temperature nses, as is represented by the hne 
jiiB The specific heat of electncity in such metals is negative, 
and at B is i-epresented by the line 

180 ] Thomson, who discovered first fiom theory and then by 
ex|>eninental verification the thermal effect of an eloctnc current in 
an unequally heated metal, expresses the fact by saying that 
Mtreous electricity cariies heat with it m copper, while resinous 
electricity carries heat with it in iron. 

We must remember, however, that these phrases are not in- 
tended by Thomson, and must not be understood by us, to imply 
that electncity either positive or negative is a fluid which can 
be heated or cooled and which has a definite specific heat. Since, 
therefore, the whole set of phrases are merely analogical we shall 
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adhere to the ordinary convention according to which vitreons 
electricity is reckoned positive, and we shall say that the specific 
heat of electricity is positive in copper hut negative in iron 

The obvious fact that no real fluid can have a negative specific 
heat need not disturb us, for we do not assert that electricity is a 
real fluid 

181.] Let us next consider a circuit consisting of two linear 
conductors of the metals A and £ respectively, the two junctions 
being kept at diflcrent temperatures, represented in the diagram 
by OC and Oc This electric circuit will be rejtrescnted m the 
diagram by the circuit AabBA. If the current flows in the 
direction AaltB till one unit of electricity has been transmitted, 
the following thermal effects will take place. 

(1) In the metal A heat will be generated as the electricity flows 
from the hot junction to the cold junction. The amount of this 
heat is represented by the area AaQPA 

(2) At the cold junction, where the electricity passes from the 
metal A to the metal B, heat will be generated. The amount of 
this heat is represented by the area abSQa. 

(3) In the metal B heat uill be generated as the electricity flows 
from the cold junction to the hot junction The amount of this 
heat is represented by the area bBTSb 

(4) At the hot junction, where the electncity passes from the 
metal B to the metal A, heat will be absorbed The amount of 
this heat IS represented by the area BAPTB The reverse order of 
the letters shews that this area is to be taken negatively. 

The whole heat generated is therefore represented by the area 
AabBTPA, and the whole heat absoibcd by BAPTB The total 
effect 18 therefore an absorjition of heat represented by the area 
AabBA. 

The energy corresponding to this beat cannot lie lost It is 
transformed into electrical work spent njion the current by an 
electromotive force acting in the direction of the current Since 
the quantity of electricity transmittc'd by the eurient is supposed 
to be unity, the energy, which is the jiroduct of the electromotive 
force into the quantity of electricity transmitted, must be equal to 
the electromotive force itself 

Hence the electromotive force is represented by the area A abBA, 
and it acts in the ducction represented by the order of the letters — 
that IB, 


Hot, metal A, cold, metal B, hot. 
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This electromotive force will, if the resistance of the circuit is 
finite, produce an actual current'*'. It was by means of such 
currents that the thermo-electnc properties of metallic circuits 
were first discovered by Seebeck in 1822. 

182.] The electrical effects due to heat were discoveied before 
the thermal effects due to the electric current, but the application 
of the thermal effects of the current to determine the electromotive 
forces acting along different portions of the circuit is due to Sir 
W. Thomsonf. It is manifest that in a heterogeneous circuit 
we cannot determine the electromotive force acting from the point 
A to the point B by simply connecting these points by wires to the 
electrodes of a galvanometer or electrometer, for we are ignorant of 
the electromotive forces acting at the junctions of these wires with 
the matter of the circuit at A and B. 

But if wo cause a current of known strength to flow from A to B, 
and if this current causes the generation of a quantity of heat equal 
to in that portion of the circuit, and if no chemical, magfnetic or 
other permanent effect takes place in the matter of the conductor 
between A and B, then we know that if Q is the total quantity of 
electricity which has been transmitted from A to B, and E the 
electromotive force in the direction from B to A which the current 
has to overcome, then the work done by the current is QE. This 
work 18 done within a definite region, namely the portion AB of 
the conductor, and it is entirely expended in generating heat within 
that region. Ilcnce, if the quantity of heat generated in the 
portion AB is II, as expressed in dynamical measure, we have the 
equation 

QE=II, 

and since Q and H are capable of being measured we can determine 
the electromotive force E acting against the current. When the 
electromotive force acta m the same direction as the current is 
flowing, the quantity of heat generated is negative ; or, in other 
words, there is an absorption of heat. 

In this in\ estig^tion we must remember that E represents the 
viole electromotive force acting against the cui-rent. Now part of 
this electromotive force arises irom the electric resistance of the 

* [The energy expended in dnring the enrrpnt will, if not oiherwiee employed, be 
ttltimetely converted into heat through the frictional resistanoe of the metals The 
heat proiiuoed by this irreversible action most be distinguished from the Hiomson 
and Peltier effects, and is represented on the Thermo-electnc diagram by the area 

it Trans It S Edtn 1854 
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oondactor. This part alTrays acts against the current, and is pro- 
portional to the current according to Ohm’s law. 

The other part of the electromotive force acts in a deilnite direc- 
tion, either from AU> Bor from B to A, and is mdcpendent of the 
direction of the current. It is generall}' this latter part of the 
electromotive force which is referred to as the electromotive force 
from A to B 

It is easy to eliminate the part due to resistance by making two 
experiments in which currents of equal strength are made to ilow 
in one case Acm A to B and in the other from B to A. The excess 
of the heat generated m the second case over that generated in the 
first case, per unit of electricity transmitted, is numerically equal 
to twice the electromotive force from A to B. 

183] The total electromotive force round any circuit is easily 
measured by breaking the circuit in a ]>Iace where it is homo- 
geneous, and deteimining the difference of potentials of the two ends. 
This may be done by any of the ordinary methods for determining 
electromotive force or difference of potentials, because in this case 
the two ends are of the same substance and at the same tempera- 
ture But we cannot by this method determine how much of this 
electromotive force has its scat in a particular part of the circuit, 
as for instance, between A and B, where A and B are of ditlbrent 
substances or at different temperatures The only method by which 
we can determine where the electromotive force acts is that of 
measuring the heats generated or absorbed during the transmission 
of a unit of electneity from A to B. 

184.] In the cases we have hitherto considered the only per- 
manent effect of the current has been the genemtion or absorption 
of heat, for metals are not altered in any respect by the continuous 
flow of a current through them But when the current flows from 
a metal to an electrolyte or from an clcctrolvte to a metal, there 
are chemical changes, and in applying the principle of the conserva- 
tion of energy we must take account of these as well as of the 
thermal effects. 

We shall consider the current as flowing through an electrolyte 
from the anode to the cathode The fundamental phenomenon of 
electrolysis is the liberation of the components or 10 ns of the electro- 
lyte, the anion at the anode and the cation at the cathode This is 
the only purely electrolytic effect , the subsequent phenomena 
depend on the nature of the 10 ns, the electrodes and the electrolyte, 
and take place according to chemical and physical laws in a manner 
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apparently independent of the electric current. Thus the ion, when 
hberated at the electrode, may behave in several different ways, 
according to the conditions in which it finds itself. It may be in 
such a condition that it acts neither on the electrode nor on the 
electrolyte, as when it is a gas which escapes in bubbles, or sub- 
stance insoluble in the electrol 3 rte, which is precipitated. It may 
be deposited on the suiface of the electrode, as hydrogen is on 
platinum, and may adhere to it with various degrees of tenacity, 
from mere juxtaposition up to chemical combination. If it is 
soluble in the electrolyte, it will diffuse through the electrolyte 
according to the ordinary law of diffusion, and the rate of this 
diffusion is not, so far as we know, affected by the existence of the 
electric current through the electrolyte, for it is only when in com- 
bination, and not when in more solution, that the current produces 
the electrolytic transfer of the 10 ns. Thus when hydrogen is an 
ion, part of it may escape in bubbles, part of it may be condensed 
on the electrode, and port of it may be absorbed into the electro- 
lyte without combination, and travel through it by ordinary 
diffiision 

185.] The liberated ion may also act chemically on the electrode 
or on the electrolyte. The results of such action are called 
secondary products of electrolysis, and these secondary products may 
remain at the surface of the electrodes, or may become diffused 
through the electrolyte. Thus, when the same current is passed, 
first through a solution of sulphate of soda between platinum elec- 
trodes, and then through sulphuric acid, equal volumes of oxygen 
are given off at the anodes of the two electrolytes, and equal 
volumes of bydiogen, each equal to double the volume of oxygen, 
are given off at the cathodes. 

But if the electrolysis is conducted in suitable vessels, such as 
ir-shapcd tubes or vessels with a porous diaphragm, so that the 
substance surrounding each electrode may be examined, it is found 
that at the anode of the sulphate of soda there is an eijuiva- 
lent of sulphuric acid as nell as an equivalent of oxygen, and at 
the cathode there is an equivalent of soda as nell os two e(iuivalents 
of hydrogen. It would at first sight appear as if (according to the 
old theory of the constitution of salts) the sulphate of soda were 
electrolysed into its constituents, snlphunc acid and soda, while the 
water of the solution is electrolysed at the same time into oxygen 
and hydrogen. But this explanation would involve the assumption 
that the same current which passing through dilute sulphuric acid 
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eleetrolysea one equivalent of water, wlien it pasaea through ao- 
Intion of sulphate of soda electrolyaea two equivalents, one of the 
adt and one of water, and this wonid be contrary to the law of 
electrochemical equivalents. But if we Buppo<ie that the com- 
ponents of sulphate of soda are not SO., and Na^O, but SO 4 and Na^ 
— not sulphuric acid and soda but aulpbion and sodium — then an 
equivalent of sulphion travels to the anode and is set free, but being 
unable to exist in a free state, it breaks up into sulphuric anhydride 
and oxygen, one equivalent of eacL At the same time [two] equiva- 
lents of sodium are set free at the cathode, and then decompose the 
water of the solution, forming two equivalents of soda [NallO] 
and two of hydrogen. 

In the dilute sulphuric acid, the gases collected at the elec- 
trodes are the constituents of water, namely one volume of oxy- 
gen and two volumes of hydrogen. There is also an increase 
of sulphuric acid at the anode, but its amount is less than one 
equivalent. 

186.] It follows from these considerations that in order to ascer- 
tain the electromotive force acting from a metal to an electrolyte, 
we must take account of the whole permanent effects of the passage 
of one unit of electricity from the metal to the electrolyte Thus, 
if the electrolyte is sulphate of zinc, with zinc electrodes, a certain 
amount of heat is generated at the anode for every unit of elec- 
tricity and at the same time one equivalent of zinc combines with 
one equivalent of sulphion and forma sulphate of zinc Now the 
quantity of heat generated when one equivalent of zinc eonibines 
with oxygen is known from the experiments of Andrews and othere, 
and also the heat generated when an equivalent of oxide of zinc 
combines with sulphunc acid, and is dissolved in water so as to 
form a eolation of sulphate of zinc of the same strength as that 
which surrounds the electrode The sum of these quantities of 
heat, which we may call H, is equivalent to the total work done by 
the chemical action at the anode, which is therefore JIT [where 
J represents Joule’s equivalent, or the mechanical equivalent of 
heat]. Let h be the quantity of heat generatdl at the anode during 
the passage of one unit of electricity, and lot E be the electromotive 
force acting from the zinc to the electrolyte, that is, in the diicction 
of the current. Then the work done in generating heat is J/i, and 
the work done in driving the current is E so that the equation ol 
work is JTI = JA + E 

L 


or 
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Of these quantities II u known veiy accurately but it is some- 
what difficult to mea-sure the quantity of heat generated at the 
electrode, l>ecaii*«e the electrode must be in contact with the electro- 
lyte, and therefore a large and unknown fraction of the heat 
generated will be earned away by conduction and convection 
through the electrolyte. The only method which seems likely 
to succeed is to compare the stationary temperature at a certain 
distance from the electrode with the temperature at the same 
point when in the place of the electrode we put a line wire of 
known resistance through which we pass a known current so ns 
to generate bent at a known rate If the temperatures are equal 
in the two eases we may conclude that the heat is generated at the 
same rate in the rine electrode and in the wire But if the current 
IS a strong one a verj sensible |tortion of the whole heat generated 
will be due to the work done by the current in overcoming the 
ordinary resistance of the electrode and the oleetroljte. As the elec- 
trode IS generally made of a metal who'-e resistance is very small 
eomimred with that of the electroljte, this fnetioiial generation of 
heat will take jilace principally in the electrolyte This fnetional 
goncmtion of heat may be made very small compared with the 
reversible jiart by dimini-hing the strength of the eurrent, but then 
the rate of generation of heat becomes so small that it is difficult 
to measure it in the piescnce of unavoidable thermal disturbances, 
such as arise from changes in the temperature of the air, &c The 
experimental iii\cst]gution is therefore one of tonsiderable difficulty, 
and 1 am not aware that the electromotive force from a metal to an 
eleetroh te has as yet been measurtsl even approximatelv* If, how- 
ever, we assume that the electromotive foiees from the metals A 
and li to the electrolvte Care A and IS rcspcctivelv, and that the 
thonno-electrie powers of these metals at the tcmiieratnre d are a 
and A rcspeclivelv, then the eleetromotive force from .li to 71 at 
their jiim turn i- (lt — a)0 

The total eleetiomotive force round the circuit in the cyclieal 
directaon ABC Is (b-a)0 + 71-./. 

Oh Ibe CoHHcnahon of T.uergy in TAfcSrolguni 

187 "I Consider an electric eurrent flowing in a circuit consisting 
partly of metals and partly of electroUtes placed in series. 

During the [lassagc of one unit of electricity through any section 

* [S«e Art 192 Md iMt two portgraphs of note, p 150 ] 
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of the circuit one elrctrochcmiciil equivalent of each of the electro- 
lytes is electrolysed. There is therefore a definite amount of 
chemical action correspondingr to a definite quantity of clcctncity 
passed thron®li the circuit. The eBorf'y eqiuvalent to any chemical 
process can be ascertained either directly or mdiiectly. When the 
process is such that it will fjo on of itself, and if the only eflcci 
external to the system is the gi\ing off of heat {fcnorated diirinp 
the proccs.s, then the intrinsic enerfsy of the si stem must be 
diminished dunn{» the pioocss by a quantity of enerfsy equivalent 
to the heat j»iven out. If a nialenal system consistinjr of dchnite 
quantities of so many chemical suliatance-i is cnjaiblo of existinff in 
several different «tatcs, and if the sistcni will not of itself jiass 
from one of these states (,/) to another (/<) wre can still find the 
relative energy of the state (*/) with respect to the state (//) 
provided we can cause both the stale ( J) and the state (/t) to 
pass into the state (f) which wo may suppose to be the state 
m which nil the oneigios of eonibinnlion of the s^'stem have been 
exhauster] 

Tims if the substances in the system are oxi gen, hydrogen ami 
carbon, and if the states (,/) and (W) consist of two dilferentr 
hydrocarbons with fieo hydrogen and oxigen, we cannot in general 
cause the state (./) to jiass into the sl.i1.c but we can c.uHe 
either (./) or (7?) to pass into the state (f) in which all the 
hydrogen is combined with oxjgcn as water and nil the carbon 
is combined with oxygen as carhmic acid In this way the 
energy of the state (./) relatively to the state (/I) can be determined 
by mea-urements of heat 

188] It has licen proved exjKTuiitntall^ by .loule th,it the heat 
developed throughout the whole electne eiieiiit is the s.iine for the 
same amount of chemical action whatever be the resistance of the 
circuit jirovidcsl no other form of energy th,in heat is given off' by 
the system 

Thus m a battery the electrodes of which are connected by a 
short thick wire the current is very stiong and the heat is gener- 
atc'd principally in the cells of the batten and to a much smaller 
extent in the wire, but if the wire is long and thin, the heat 
generated in the wire is far greater than that generated in the 
cells, hut if we take into account the heat generated in the wire 
as well as that generated in the ca-lls, we find that the whole 
heat generated for each grain of /me dissolved is the same in 
both cases 
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189.] If, however, the circuit includes a cell in which dilute 
acid 18 electrolysed into oxygfen and hydrogen the heat generated 
in the circuit, per gram of rinc dissolved, is less than before, by the 
quantity of heat which would be generated if the oxygen and 
hydrogen evolved in the eleetroljdiic cell were made to combine. 

Or if the circuit includes an electromagnetic engme which is 
employed to do work, the heat generated in the circuit is less than 
that corresponding to the zinc consumed by an amount equal to 
the heat which would be generated if the work done by the engine 
were entirely expendt d in friction 

190] If the arrangement is such that the amount of chemical 
action depends entirely on the quantity of electricity transmitted 
we can determine the electromotive force of the circuit by the 
following method, first given bj' Thomson [Phil, hlag , Pec 1851). 
Let the resistance of the circmt be made so great that the heat 
generated by the current in the electrolytes may be neglected 
Let E he the electromotive force of the circuit , then the work 
done in driving one unit of electricity through the eircmt is 
numerically eipial to E But dunng this process one electro- 
chemical equivalent of the electrolyte undergoes the chemical 
process which goes on in the cell. Hence, if the cnerffy given 
out during this process is entirely expended in maintaining the 
current, the dynamical value of the process must be numerically 
equal to E, the electromotive force of the circuit, or, as Thomson 
stated it, 

‘The electromotive force of an electrochemical apparatus is in 
absolute measure equal to the mechanical equivalent of the chemical 
action on one electrochemical equivalent of the substance ’ 

EvAMrcES. 

191 ] If the action in the cell consists in part of irreversible 
]proceBses, such as 

1. The fiictional generation of heat by resistance in the elec- 

trolyte, 

2. Difliision of the pnmary or secondary products of electrolysis 

through the electrolyte, or, 

3 Any' other action which is not reversed when the direction of 

1 he current is reversed, 

there will be a certain amount of dissipation of energy and the 
electromotive force of the circuit will be less than the loss of 
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intrinsic energy corresponding to the electrolysis of one clectro- 
chenrical equivalent. 

It is only the strictly revet sible processes that must he taken 
into account in calculating the electromotive foicc of the circuit. 

193.] The dctcimination of the total electroinotii o force in an 
electrochemical circuit is therefoie alwavs possible If, ho\\e\er, 
we wish to determine the prceist' points in the ciieuit where the 
different portions of this elect lomotive force are everted, we find 
the investigation much more diflicult than in the c.isi“ of a purel} 
metallic circuit 

For the chemical action at the junction of a metal with an 
electroljte is generally of such a kind fh.it it cannot take jdace 
by itself, that is to snj, without an action equivalent to that 
which takes jilaee at the other elcctiode Thus, when a cun out 
posses between siher elecfrmles through fused chloride of silver, 
chlorine is liberated at the anode which immcdi.il,ely acts on the 
electrode so us to form chlondc of sihci uud silvei is dejiositcd on 
the cathode 

Now we know the amount of heat given out when an equivalent 
of free chlorine combines with an etjuivalciit of silvei, and this is 
equivalent to the eneigy which must bo sjiciit in electiolysing 
ehluiide of silver into ficc chlorine .mil fiee wlvei, but the jirocess 
that bikes place at the anode is the eonibiuution of silver, not with 
free chlorine, but with chlorine in tlie act ol being electiolysed out 
of chlondc of silver 

* [The following note is an exlrw t frtun Professor Maxwell's loilor on i’litontiol 
published in the Jiinlrician, Ajtril 2Stli, ISiU 1 

In a voltaic ciicint the sum ot tin elcitniuiotive forces from niu to the electrolyte, 
from the electlnlyte to cojipt r, and from i upper to /me, is not rero but is what is culled 
the electromotive force ot tin circuit — a miuauralih quantity Of these three ili c tro. 
motive forces only one ran be scisirattly measured by a legmiiuti prmebs, that, 
namely, from copper to zinc 

Now It IS fouiici by thenuoeleetm eziieriuientB that thir electromotive force is tx- 
ceedingly small at ordinary temperatures, being less than a microvolt, and that it is 
from zinc to copper 

Henee the statement deduced from ex|ieriui(nts m wliieli oir is tlie third medium, 
that the electromotive force from eopjier to zinc is 75 volts, canmii be coneel In 
fact, what is really measured is the (hdennet between the potential lu uir mar the 
surface of copper, and the potential lu oir near the surfoei of /me, tlie riiie uud copper 
being in contact Tlie number 75 is therefore the electromotive force, m volts ol 
the circuit copper, zinc, air, eopiier, and is the sum of three elietroiuutive forces, only 
one of which has as yet been measured 

Mr J Brown has shown ' PAif Slag ^ Aug I67fl, p 112;, bytlM.dividedritigmcthud 
of Sit W I'humsou, that whereas cojtper is negative witli resi>eet to iron m air it la 
positive with respect to iron in hydrogen sulphide 

It would appear, therefore, tliat the reason why ilie results of the coinponsoD of 
metals by the ordinary ' contact force ' czpennients harmonise so well with the com- 
ponsou by dipping both metals in water or an oxidizing electrolyte is not beenuse the 
electromotive force between a metal and a gas or an electrolyte is small, but beenuse 
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On CoMlanl Voltaic Element* 

193*] When a Bcrica of cxiienments is made with a voltaic 
hatter} in which polarization occurs, the (wlanzation diminishes 
(Iiiiing- the time that the current xs not flowing, so that when 
it hcj'ins to flow a^ain the current is stronger than after it has 
flowed for some time. If. on the other hand, the resistance of the 
circuit IS diminished hy allowing the current to flow through a 
ibort shunt, then, when the current is again made to flow' thiough 
the ordinary ciiciiit, it is at first weaker than its normal strength 
on account of the great polarization jiroduced hy the use of the 
short circuit. 

To get. rid of these irregularities in the current, which are 
exceediiiglv tioublesonie in exjienments involiing exact measurc- 
mcnf«>, it is necessary to get rid of the polarization, at least 
to reduce it as much as posMhle 

It does not n]ipcar that there w much polarization at the surface 
of the ziiK plate when imincisod in a solution of sulphate of zinc 
or in dilute sulphuric acid. The ]>riiiei]>al scut of polarization is 
at the smfuec" of flic neg.itue metal. When the fluid in which 
the negative metal is immersed is dilute sulphurie acid, it is seen 
to hecoinc eov cred with bubbles of Indiogeii gas, arising from the 
electrol}fie decomposition of the fluid. Of course these bubbles, 
by jirevciitiiig the fluid from touching the metal, dimmish the 
surface of contact .lud inereasc the resistance of the circuit Ilut 
besides the visible bubbles it is eeitain that tlieie is a thm coating 
of hydiogen, jirobably not in a fiee state, adhcniig to the metal, 
and as we have seen that this coating is able to jiroduec an elec- 
tromotive force in the reverse direction, it must necessarily diminish 
the elcetromotivo foice of the battery 

Various plans have been adopted to get nd of this coating of 
hvdrogeli It m.i} be dimiiii.shed to some extent by mechanical 

the propertioH of air a|;ro(' t<i a cortiin extent, Tvith tLo»e of oxidising electrolytes 
tor, if the acti\c ioiiipoiient of the electrolyte » sulphur, the results are quite diHerent, 
and the same kiiitl of ditlererue ociurs ^htn hydrogen sulphide is substituted for air 
e knovr iM) litUe alH>ut the nature nf the ions as thev exist in an electrolyte that, 
even if ac could iiiea^ure the (|uaiitity of heat generated or abmirbed when unit of 
elovtncity |>tu»si4t from » nietal to an claitrolyte, or fruni au ehnitrolyte to a metal, we 
(ould Hut detonuluc from thib the value of ^e electromotive force from the znet^ to 
the electndylo 

If this i« the case ^ ith liquid electrolytes, w e have still less ho]ie of determinuig the 
electromotive force from a metal to a gas, for we cannot pruducc a current from the 
<iue to tile other without tumultuary and non-rev ersible etieots, such as diamtegraUon 
ot the metal and violent disturbance of the gas by the disconimuous discharge 
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means, such as stirring’ the liquid, or rubbing the surface of the 
negative plate In Smce’s battery the negative plates are ver- 
tical, and covered with finely divided platinum from uliich the 
bubbles of hydiogen easily escaiie, and in then ascent produce a 
current of liquid which helps to brush off othci biibblet, ns they 
are formed. 

A far more efficacious method, however, is to cm])Io\ chemical 
means. These are of two kinds. In the battenes of (hvve and 
Bunsen the negative plate is immcised in a fluid rich in oxygen, 
and the hydrogen, instead of foiming a eoiiting on the plate, 
combines with this substance In Groie’s balfery the plate is 
of platinum immersed in stiong nitnu aeid In Bun’um's first 
battery it is of carbon in the same acid. Chromic acid is uKo used 
for the same purjiosc, and has the advantage of being free from the 
acid fumes pioduecd by the reduction of nil lie acid 

A diil&ent mode of getting nd of the hydiogen is by using 
copper as the negative metal, and covenng the suif,i<>e wilh a coat 
of oxide This, however, rapidly disapjioars when it is used as 
the negative electrode. To renew it Joule has jirojuxsi'd to make 
the copper plates in the form of disks, half imniersi'd in the lupiiJ, 
and to rotate them slowly, so that the an may act on the jiaits 
exposed to it ni turn 

The other mctlu'd is hv u-iiig as the liquid an electroly te, the 
cation of which is a mut.il highly negatnc to /me 

In Danicll’s battery a cojqKT iihilc is luimeised in a saturated 
solution of siilplmtc of eojqiei When the current Hows tlirougli 
the solution from the zine to the coiqier no hidrogen appears on 
the copper plate, but eojipor is dci»osiled on it W'ben tlic solution 
IS saturated, and the euiient is not too stiong, the eojiper ajqiears 
to act as a true eation, the anion SO^ travelling towards the /me 

AVhen these <-onditions ore not fulfilled Inilrogcn is ciolved at 
the cathode, but immediately acts on the solution, tluowiiig down 
copper, and uniting with SO^ to foiin oil of iitnol. VMicn this 
is the case, the sulphate of eopjaT next tlie cojqier plate is rcjdueed 
by oil of iifnol, the liqiiiil becomes eolouilesa, and jiulari/ation by 
hydrogen gas again takes jdaee The toppei deposited in this waj’ 
Is of a looser and more friable stiuctiiie than that dejxisitcd by true 
eleetrolj sis 

To ensure that the liquid in contact with the cojipcr shall be 
saturated with sulphate of cop]H>r, crystals of this substance must 
be placed m the hquid close to tho co^qHir, so that when the solution 
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is made weak by the deposition of the copper, more of the cxystalB 
may be dixsolvcd. 

We have seen that it is necessary that the liquid next the copper 
should be saturated with sulphate of copper. It is still more 
neuessar}' that the liquid in which the zinc is immersed should be 
i'ree irom suljihato of copper If any of this salt makes its way 
to the surfice of the zinc it is reduced, and copper is deposited 
on the zinc. The zinc, copper, and fluid then form a little circuit 
in which ra])id electrol}diu action ^es on, and the zinc is eaten 
away by an action which contributes nothing to the useful eflect 
of the battery. 

To prevent thia, the zinc is immersed either m dilute sulphuric 
acid or in a solution of sulphate of zinc, and to prevent the solution 
of Bul])h:itc of copper from mixing with this liquid, the two liquids 
arc sejiaruted liy u division consisting of bluddci or porous earthen- 
ware, winch allows electrolysis to take place tbrouglf* it, but 
eftcctually prevents mixture of the fluids by Msiblc cuiicnts. 

In some batteries sawdust is used to prevent currents The 
exjH'riments of Graham, however, shew that the process of diffusion 
goes on nearly as rapidly when two liquids aie separated by a 
division of tills kind as when they are in direct contact, provided 
there are no mmIiIo currents, and it is probable that if a septum 
IS eiiqiloycd winch diminishes the dillu-iun, it will increase in 
exactly the same Kitio the resistance of the element, because elce- 
tiolytie conduction is a prooi'ss the mathematical laws of which 
have the same foiin us those of diffusion, and wbutover interleres 
with one must inteifeie eipially with the other The only difler- 
eiiee is that dill'usinn is always going on, while the current flows 
oul} when the hatteiy is in action 

In all forms of Danicll s battery the final icsult is that the 
sulphate of eojiper finds its way to the zinc and spoils the battery. 
To ri'taiJ this lesidt indetimtcly, Sir\\ Ihomson* has constructed 
Daiuell’s batten 111 the iorm shewn in Fig 41 . 

In each cell the cop[)er plate is placed honzonlall} at the bottom, 
and a saturated solution of sulphate of zinc is ])ourud over it The 
zinc IS in the loiiu of a grating and is placed horizontally near the 
suifuce el the solution A glass tube is placed \eitically m the 
solution with its lower end just abotc the surface of the cox’per 
plate Cristals of sulphate of copper are dropped down this tube, 
and, dissoUing m the bqiud, Ibrm a solution of greater density 
* Proc H 5, Jui m, lb71 
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than that of sulphate of zinc alone, so that it cannot get to the 
zinc except hy ditfusion. To retard this jn'ocess of diffusion, a 
siphon, consisting of a glass tube stuffed with cotton wick, is 
placed with one extremity midway between the zinc and copper, 
and the othei in a vessel outside the cell, so that the liquid is 



very slowly drawn off near the middle of its dei>th To supply 
its place, water, or a weak solufion of hulphatc of /me, is added 
abo\e when required In tliis wav the greutei part of the suljdiate 
of copper rising tluough the liqiud by dillusioii is diawn oil' by the 
ai])hon before it reaches the zinc, and the zine is sin rounded by 
liquid nearly free from sulphate 01 tojipei, and having a very slow 
downward niotion in the cell, which still fuither retaids the upw.ird 
motion of the suljiliwte of cojqaT During the uetion of the luttery 
copper IS deposited on the eopiwr jdate, and SO^ tiinels slowly 
through the liquid to the /luc with which i( loinbines, foriiiing 
sulphate of zinc 'fhus the liquid at the bottom Iteeoiiies levs dense 
by the deposition of the copjier, and the liquid at the toj> bceonios 
more dense by the addition of the /int To prevent this action 
from changing the order of density of the stnila, and so iirodiieing 
instability and visible cuirents m the vessel euie must be taken to 
keep tbc tube well sujqiliud with civstals of salplute of eopjicr, 
and to feed the cell above with u solution of sulphate' of zinc suffi- 
ciently dilute to be lighter than any either sliatuin of the liquid 
in the cell. 

Darnell’s battery is by no means the most jiowerful in common 
use. ITie eleetromotivc force of Grove’s cell is 1 [12,000,000, of 
Daniell’s 107,900,000, and that of Bunsen’s 188,000,000. 
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The resistance of Darnell’s cell is in general greater than that of 
Grove’s or Bunsen’s of the same size. 

These defects, however, are more than counterbalanced in all 
cases where exact meahurements are required, by the fact that 
Darnell’s cell exceeds every other known arrangement in constancy 
of electiomotive force. It has also the advantage of continuing 
in working order for a long time, and of emitting no gas. 



CHAPTER XT. 


METHODS OF MAINTAINING AN ELECTRIC CURRENT. 

194.] The principal methods of maiutaimng a steady cleclric 
current are— 

(1) The TVictional Machine. 

(2) The Voltaic Hatteiy 

(3) The 'rhcrmo-oleclric Battoiy 

(4) The Magncto-elcctne Machine. 


(1) The FricUonal lUeefni' Machnie 

195 ] The electrification is hero prodiiccsl hclneen the siirfuci's of 
t«o diflcrcnt Mihstanccs, such as gliuss and amalgam or ehonife and 
fur Hv the motion of the maeliino one of thew* elei lulled Miifaees 
H earned aauy fiom the othei, and l«)th me made* to disiliaige 
their electnfieation into the eh'ctrodes of the niacliine, fioni whicli 
the curient is conveicd along anj nspiired cmuil 

In the ordinary form of the niaUiine a tiuulai plate or a eylindei 
of glass IS umd(‘ to rcvolie aliout its axis. Let us suppose that tlie 
levolving ]>art is a plate of glass The ruhher is lixed so tluit it 
presses against the surfaec of the plate as it rotates. The surfaee 
of the rubber is of leather, on which is sjircad an anialgani of /me 
and mercury Hr the friction la-tween the glass and the amalgam 
the surface of the glass hecomes electrified jiositivcl^, and that of 
the rubber negatively As the plate re^olves the electrified siiiface 
of the glass is earned away fioiu under the rubber, and another 
part of the surfaec of the glass, previously unclectnlied, is hi ought 
under the rubber to be electnfied As long as the ojijiositely 
electrified surfaces of the glass and the rubber remain in contact, 
the eleetneal efleetfi in the neighbourhood are very small, but when 
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the ^lasB is removed from the rubber, strong electrical forces are 
developed The poti'ntial of the rubber becomes negative, and as, 
on account of the amalgam, it conducts freely its electrification is 
at once carried off to the negative electrode. At the same time the 
potential of the electrified glass becomes highly positive, but as the 
glass IS an insulating substance it docs not so readily part with its 
electrification The positive electrode of the machine is therefore 
furnished with a comb, consisting of a nnmber of sharp pointed 
wires terminating near the electrified surface of the glass As the 
jiotontial at the saifucc of the glass is much higher than that of 
the comb tliere is a great accumulation of negative electrification 
at the point of the comb, and this breaks mto a negative electric 
glow aceunipanied by an elcitiic wind blowing from the comb to 
the glass The negatively clecfrificd particles of air spread them- 
selves over flic jjOhitively eleetnfied surface of the glass, and cause 
the elccliificafion of the glass to be discharged It is possible, 
however, that jiart of them maybe carried round with the glass till 
they are wijitd off by the rubber, though I have not been able to 
obtain cxiicnmcntal evidence of this 

Thus the lotufion of the mathmc carries the positive clectn- 
ficalion of the surface of the glass fiom the rubber to the comb, 
and the negative elcctiic wind of the comb cither neutralises the 
positively eleetrillod suiface, or is cariud round W'lth it to the 
rublwr, so that there is a continual current of positive electricity 
ke])t up from the rublnT to the comb, or, wlmt is the same thing, 
of negative elect i leit.v I'lom the comb to tlic rubber, or, since the 
mode of cxprossiiig the fact is indilfcrent. we may, if wo jilease, 
deserilx) if as consisting of a jiositivc eniicnt in the one direction 
eombiiusl with a negative current in the other the arithmetical 
sum of these two iiiiaginary currents being the actual cmTcnt 
olmi'ived. The action of the machine thus depends on the electri- 
fication of the surface of the glass bv tlie rubber, the convection of 
this cleetnrieatioii, by tlic motion of the maelune, to the comb and 
the diseliarge of the elect rifieation by the comb 

19C] The strength of the current produced depends on the 
surface-density of the elcetrifieation, the area of the eleetnfied 
surface and the number of turns in a minnte 

The electromotive forte of the machine is the excess of the 
potential of the comb above that of the rubber. The most con- 
venient test of the electromotive force of an electneal machine is 
the length of the sparks which it will give. 
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During the passage of the elcctnfied surface from the rubber to 
the comb it is passing from places of low to places of high potential, 
and is therefore acted on by a force in the direction opposite to 
that of its motion Tlie work done in turning the machine there- 
fore exceeds that necessary to overcome the friction of the rubber, 
the axle, and other mechanical resistances by the elect neal work 
done in carrying the electricity from the rubber to the comb 

At every point of its cour'.c the electricity on the surface of the 
glass plate is acted on by a force the value of which is measured 
by the rate at which the potential vanes from one point to another 
of the surface. If this force exceeds a certain value it will cause 
the electnfication to slide along the surface of the jdate, and this 
will take place under the action of a much smaller force than that 
which is required to remove the eleetncity from the surface. This 
discharge along the surface of the plate mav he seen when the 
electric machine is worked in a dark room, and it is evident that 
the electricity which thus dashes liack is so much lost from the 
principal current of the machine. 

In order that the machine may work to the licst adninlage 
this slipping hack of the olectncity must be priwenfcd. The 
slipping takes place whenever the rate of vanation of the jiofenlial 
from point to point of the surface eveeods a certain value If by 
any distribution of the electrification the rate of variation of the 
potential can be kept just below this value all the way from the 
rubber to the comb the electromotive force of the machine will have 
its highest possible value 

In most electrical machines flaps of oiled silk arc attached to 
the rubber so that as the plate revolves the (‘lectrified surface as 
it leaves the rubber is covered with the silk llaii whieh ovtcnds 
from the rublier nearly up to the comb Thc-c silk flaps become 
negatively electrified and therefore adhere of ihemscives (o the 
surface of the glass If in any jiart of the revolution of llic plate, 
the rate of increase of the potential is so great tli.it a “-lipping 
back of the electrification occurs, the jiositivc clertrnify which so 
slips back neutralizes parf of the negative clccfrifii afion of fho 
silk flap and so raises the electric potential just behind the jilace 
where the slipping occurred In this way the slojie of the clectnc 
potential is eiiualizcd and the electromotive force of the machine is 
raised to its highest possible value, so as to give the longest sparks 
which a machine of given dimensions can furnish 

When the silk flaps are removed the elope of the x>otential 
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becomes mnch greater close to the rubber than at any other place, 
the eicctnoity slips back on the glass just as it leaves the rubber 
and very little electricity, and that at a comparatively low potential, 
reaches the comb 

In the best machines, in which the slope of the potential is 
uniform from the rubber to the comb, the length of the spark 
must depend principally on the distance between the rubber and 
the comb. Hence a machine which, like Winter’s, has the rubber 
and the comb at opjxisito extremities of a diameter of the plate will 
give a longer spark than one from a machine whose plate has the 
same diameter but which like Cnthbertson’s has two rubbers and 
two combs, the distance between each rubber and its comb being a 
quadrant. 

Oil ifaehiiM producing TJeclnfcafion hy Mechanical Work. 

197* ] In the ordinary frictional electrical machine the work done 
in overcoming friction is far greater than that done in increasing 
the elect iificution Hence any arrangement by which the elec- 
trification may be produced entirely by mechanical ivoik against 
the electrical forces is of scientific imjiortonee if not of practical 
value The first machine of tins kind seems to have been Nicholson's 
Revolving Houblcr, described in the Vhihcophieal TraMactwnc for 
1788 ns ‘an instrument which by the turning of a Winch produces 
the two states of Electricity without faction or communication 
with the Earth ’ 

198*] It was by means of the revolving doubler that Volta 
succccdcil in dovcloiung from the clccfnlication of the jiile .m 
electrification cajiahle of nlfccting his electrometer Instruments 
on the same jirincijile have been mvented indejicndently by Mr. 
C E Varlev *, and Sir W Thomson 

These instruments consist cssentiallv' of insulated conductors of 
various foims, some fixed and others moveable The moveable 
eonduitors are called Carners, and the fixed ones may be called 
Induetois, Receivers, and Regeneratois The inductors and recciv'ers 
are so formed that when the eaniois arrive at certain points in 
Iheir revolufion they are almost eomjiletelv suriounded bv a con- 
ducting bodv' As the inductors and receiveiw cannot completely 
surround the carrier and at the same time allow it to move freely 
m and out w ithout a complicated arrangement of moveable pieces, 
the instrument is not theoretically perfect without a pair of re- 
* Specification of Patent, Jan 27, 1860, Ko 206 
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generators, which store up Ihe small amount of electricity which 
the earners retain when they emerge from the receivers. 

For the present, however, we may suppose the inductors and 
receivers to surround the carrier completely when it is within them, 
in which case the theory is much simplified 

We shall suppose the machine to consibl of two inductors A and 
C, and of two reccii ers J] and D, with two carriers /' and 0 

Suppose the inductor to he jiositavely electrified ■■o that its 
potential is A, and that the earner 7’ is within it and is at 
potential F. Then, if Q is the coefiicicnt of induction (taken 
positive) bctw’ccn A and F, the quantity of electncity on the earner 
will he Q (F— A). 

If the earner, while within the induclor, is put in connexion with 
the earth, then F= 0, and the c'hargc on the earner will he —Q I, 
a uegatne quantify Lot the earner he carried round fill it is 
within the receiver 77, and let it then come in contact with a spring 
so as to be in ehcfiieal connexion with B It will then, us was 
shewn in Aif 20, become eomjdetely diseliarged, and will com- 
municate its whole negative chaige to the reeiiver B 

The earner will next enter the inductor 6’, which we shall siqipose 
charged negatively AVhilc within V it is put in connexion with 
the caith and thus aeqmies a po'-iti\e charge, which it camei. o(t“ 
and communicates to the reeener 77, and so on 

In lliib way, if the potentials of the inductors remain always 
constant, the receivers B and 77 receive snecchsive charges, which 
are the same for every revolution of the earner, and thub every 
revolution produces an equal incicment of electncity in the re- 


ceivers 

But by putting the inductor A in communication with the re- 
ceiver 77, and the inductor C with the receiver 77, the pofcntuls 
of the inductors will be eontiniiully ineieased, and the quantity 
of electricity communicated to the receivcis in each rcvohitu'n will 
continually increase 

For instance, let the potential of A and 77 be 77, and that of 77 
and C, F, and when the earner is within A let the charge on ./ 
and C be sr, and that on the carrier e, then, since the jiotential 
of the earner is zero, being in contact with earth, itb charge is 
z= — QV The earner enters B with tliib charge and eommunicates 
it to 77 If the capacity of 77 and C ib B, their potential will be 


changed from /' to 
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If the other eamer has at the same time carried a charp^e —QF 
{tom C to J>, it will change the potential of and 0 from 1/ to 
O' 

V if Q' 18 the coefficient of induction between the carrier 

A 


and C, and A the capacity of A and L If, therefore, V, and F, 
be the potentials of the two inductors after » half revolutions, and 
i^«+i+ «+l half revolutions. 


V —U — — r 
^•+1 — ^ '»< 


V —y —9.1/ 

'nt-l — jf'Jn- 

If we write n* = ^ and = ^ > we find 
Ji A 


P^n+i + gK+j = {pUn+gF,) (1 -pg) = {pUa+gF^) (i -pgY*^ 
P^n+i-gFn+i = {pV^-gF^ = {pVo-gFo) (i +pq)'‘*^- 

Hence 

r, = Fo |( 1 -pqY + (1 4 pgY^ F^ |( I -pqY - ( 1 4-pj)*|, 

^ |( 1 -pg)" - ( 1 +F?)*| + ^0 |(i -pg )" + ( 1 +pg)" | 

It apjiears from those equations that the quantity pFq-yF con- 
tinually diminishes, «o that whatever be the initial state of elee- 
tnficafion the receivers are ultimately oppositely electrified, so that 
the potentials of A and 71 are in the ratio of g to —p. 

On the other hand, the quantity pV—gF continually increases, 
so that, hoMcvcr little pi' may caceed or fall short oi gF at first, 
the diflcrcnce mil be increased in S geometncal ratio in each 
revolution till the electromotive forces become so great that the 
insulation of the apparatus is overcome 

Instruments of this kind may be used for various pnrpascs. 

For producing a cojnous supply of electricity at a high potential, 
as 18 done by means of Mr Varlcy’s large machine 

P’or adjusting the charge of a condenser, as in the case of 
Thomson’s electrometer, the charge of nhieh can be increased or 
diminisheil by a feu turns of a veiy small machine of this kind, 
which is then called a Replenisher 

For multiply mg small difl'ercnces of potential The inductors 
may be charged at first to an exceedingly small potential, as, for 
instance, that due to a thermo-electric pair, then, by turning the 
machine, the diiference of potentials may be continually multiplied 
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till it becomes capable of mcasuTemcnt by an ordinary rlootrometcr 
By determining by experiment tbc ratio of increase of this ditlbrencc 
due to each turn of the machinci the original eleetroniotive force 
mth ivhich the inductors wcie chaiged may be dwliieeil from the 
number of turns and the linal elcctnlleation 

In most of these inafruinents the cariiers are made to rciolio 
about an axis and to come into the iwjH'r po-itions uith respect 
to the mdiietois bv tinning an axle Tlie coiineMons aie miule by 
means of springs so jJaeed tliat tlie earrieis come in contact uitli 
them at the piopcr uistiinta 

199*] Sir IV Thomson*, howevei has constnielod a mnehine 
for inultijdy iiig electrical cluns^h in which the earners are diojis of 
water tailing out of the inside of an induetoi into an insulated 
receiver The leceiiei is thus eontimudK supplied with eleetrieiU 
of opposite sign to that of tlie induetoi If the induetoi is eleetrilied 
positncly, the reeciier will iccene .i tontiniially iiuTeasmg charge 
of negative clcctiicity. 

The water is made to <sa.aj)c from tlic ri'ienci h\ riicaiis cif n 
funnel, the nn/zlp of which i» almost surrounded by the ineial of 
the Jc'ccivw The drops falling fiom this no/'/.le aie theiefoie 
ncarU fiee fiom elcetiification Another iiiiliielor ami reeeiier of 
the same construction aie ariunged so that the induetor of the 
one Bistem is m coniieMon with the receuei of the oilier The 
rate of increase of ehaigo ol the receivers is thus no lougio constant, 
hut increases in a geometrical p*ogrcssiou with llic time, the 
chaigcs of the two receivers heing of opposite signs This iiii rcasc 
goes on till the falling diops aic> so divcited from then loiiiso bi 
the elec-tru-al action that they fall outside of the icccuer or even 
stiikc the mductoi 

In this instrument the cneigy of the elect nfic'ation is diawii 
from that of tho falling drojis 

200] In Holtz's ‘ Iniliienee-iVracliim ’ a plate of varnishisl glass 
18 made to lotate in front of a fixed jilate of varnislu'il glass The 
wductois consist of two pointed jiicecs of card sometimes covered 
with tin foil and placed on tlie ficitlicr side of the fixed pl.ite so 
that their jioints are at o]>pO'ile extieniilies of a diamiter Holes 
are cut in the fixed plate opjiosite the poinls of fhe miluefois. Tht 
elecfrodes aie first imt in connexion with each other and the 
machine is set in rotation One of the inductorH is tlien electrified, 
either by an ordinary machine or by an excited inece of ebonite 

* Vroc R June 20, It'OT 
M 
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Let UB suppose it electnfied positively The comb in front of the 
charged inductor immediately begfins to glow and discharges nega- 
tive electricity against the rotating disk. This negative electrifica- 
tion IS earned round by the disk to the other side where it is free 
from the influence of the positive inductor The other inductor 
now discharges jHisitive elcctncity from its point and becomes 
itself ncgatmdy charged, and the comb of the negative electrode 
discharges positive electricity, which is carried round the disk on 
the other side hack to the positive ck'ctrode. In this way there 
is kept up an electric current from the positive to the negative 
eleotnxle A rushing noise is heard and in the dark a glow is 
seen extending itself from the positive comb over the suiface of the 
rotating disk in the direction opposite to its motion. If the elec- 
trodes arc now gradually sejmrated a succession of sparks will pass 
between them. 

Influence Machine 

18C5. Holtz es-hibitod his machine to the Berlin Academy, April 
18GS. 8 to 10 cm. diom 

18GG. Topler, metal inductors, two metal earners on a glass 
disk 

1867 Toplcr’s multiple machine, 8 rotating disks, 32 cm diam 
sparks 6 to 9 cm 

1867 Holtz with two disks rotating oppositely 

1868. Kundt 

Carre, inductor disk 38 cm. induced 49, spark 15 to 18 

sol*] In the clcctncal machines already described sparks occur 
whenever the carrier comes in contact with a conductor at a 
diiferent jiotcntial from its own 

Now wc haic shewn that whenever this occurs there is a loss 
of energy, and thcrcfoie the whole work employed in turning the 
machine is not converted into electrification in an available form, 
but part is spent in producing the heat and noise of electnc 
sparks. 

I have therefore thought it desirable to shew how an electrical 
machine may be constructed which is not subject to this loss of 
efficiency. I do not propose it as a useful foim of machine, but 
as an example of the method by w'hicli the contniancc called in 
heat-engines a regenerator may be applied to an electrical machine 
to prevent loss of work. 
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In the fiffnre let A, Ji, C, A\ Jl'. C represent hollow fixed 
conductors, so arranjred that the earlier P pas.-e-s in siicei'H'-ion 
■ndthin each of them Of these A, A' and J{, IV nearlv suriound Hie 
earner when it is at the middle point of ifs jiasMge, hut C, (f do not 
cover it so much 

We shall sujipose A, Ji. C to lie conneifeil with a Tjciden lai 
of great capneif.y at potential and .L', IV, C to he eonneefod with 
another jar at potential — 7 ' 

P is one of the cjiiicrs nioxing in a circle from A to ivc 
and touching in ifs eoiirse cci- 
tain springs, of which a and 
a' arc eonneeted wilh A .ind A' 
resjieetively, and e, e' are eon- 
neeted with the earth. 

Let ns sujipose that when 
the carrier P la in the middle 
of A the coefTmentof iiidiiction 
hetwoen J’ and A \t> — A. Tlic 
capacifj of P in this position 
IS greater than A, since it is not 
comiiletely surrounded hv tlic 
receiver Let it he -f- a 

Then if the potential of P is V, anil that of A, f\ the charge 
on P will he (A + a) U—Al 

Now let J' lie in eontaet with the spring a when in the middle 
of tlic receixer A, then the jioti'iitial of J‘ is V, the same as that 
of A, and its charge la therefore a T. 

If P now leaxes the spring a it carries with it the charge a 7 
As P leaves A its jioti'ntial diminishes and it diiiiiiiidies still more 
when it comes xvithin the influence of (V, which is negatively 
electrified 

If when P comes within Cits loifhiient of induction on C is 
— O', and its cajiacify is CV + e' then, if 7/ is the iiotentrii of P 
the charge on P is 

{tu c')v^ ar=ar. 




Fit' 42 


If (vr'=ar, 

then at this point V the jiotential of /' will he reduced to zero 
Let P at this point come in contact with the spiing c which is 
connected with the c»rth. Since the potential of P is equal to that 
of the spring theic w ill he no sjiark at contact 

This conductor 6', hy xvliich the earner is enabled to he connected 

M 2 
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to earth withont a spark, answers to the eontnvance called a 
regenerator in heat-engines We shall therefore call it a Re- 
generator 

Now lot P move on, still in contact with the earth-spring till 
it comes into the middle of the inductor B, the potential of which 
is r. If — .B IS the coefficient of induction between P and B at 
this point, then, since U=0 the charge on P will be —BV. 

When P moves away from the oarth-spnng it carnes this charge 
with it As it moves out of the positive inductor B towards the 
negative ri ceiver A' its potential will be increasingly negative At 
the middle of A', if it retained its charge, its potential would be 

AT+BV 
A’ A- a' ’ 

and if BV is greater than a'F' its numerical value will be greater 
than that of V Hence there is some point before P reaches the 
middle of A' where its potential is — / At this point let it come 
in contact with the negative reeeiver-spnng a' There will be no 
spark since the two bodies arc at the same potential Let P move 
on to the middle of A', still in contact with the spring, and therefore 
at the same ])otcntul with //' During this motion it communicates 
a nojjative charge to A' At the middle of A! it leaves the spring 
and carnes away a charge ~a'V' towards the positive regenerator 
6' where its potential is reduced to zero and it touclies the carth- 
gpnng e It then slides along the earth-spring into the negatno 
inductor K, during which motion itacipiires a positive charge B'T' 
winch it finally communicates to the positi\e receivei A, and the 
cvclc of oi>orations is rejicated 

During this ciclo the jiositive icccivcr has lost a charge aV and 
gained a charge If / Hence the total gam of positive elcetncity 

IN irr-aj. 

Similarly the total gain of negative elcetncity is BV —a'P 

Ily mating the inductors so as to be as close to the surface of 
the carrier as is consistent with insulation, B and Jf may be made 
large, and by making the receivers so os nearly to surround the 
earner when it is within them, a and «' may be made very small, 
and then the charges of both the Leyden jars will be increased in 
every revolution. 

The conditions to lx* fultilled by the regenerators arc 
Cr=aV, and Cr=a'J". 

Since a and a' are small the regenerators do not require to be 
either large or very close to the earners. 
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Coulomh't Tomon Balanw 

202*] A great number of the expcnments by nbich Coulomb 
established the fundamental laws of electricity were mode by mea- 
Bnnn|r the force between two small spheres charged with electricity, 
one of which was fixed while the other was held in eqnilibniim by 
two forces, the electrical action between the spheres, and the 
torsional elasticity of a glass fibre or metal wire 

The balance of torsion consists of a horizontal arm of gnm-lae. 
suspended by a fine wire or glass fibre, and canying at one end a 
little sphere of elder pith, smoothly gilt The suspension wire is 
fastened above to the vertical axis of an arm which can be moved 
round a horizontal graduated cuelc, so as to twist the iipiier end 
of the wrre about its own axis any number of degrees. 

The whole of this apparatus is enclosed in a ease Another little 
sphere is so mounted on an insulating stem that it can be charged 
and introduced into the case through a hole, and brought so (hat 
its centre coincides with a definite point in the honzontal circle 
desenbod by the suspended B])here The position of the susjiendid 
sphere is ascertained by means of a graduated circle engraved on 
the cylindrical glass ease of the instrument. 

Now suppose both spheres charged, and the suspended sphere 
in oipulibnum in a known position such that the torsion-arm makes 
an angle 6 with the radius through the centre of the fixed sphere 
The distance of the centres is then 2 a sin \6, whore a is the radius 
of the torsion-arra, and if F is the force between the spheres the 
moment of this force about the axis of torsion is /a cos {0 

Let both spheres ho comjilctely discharged, and let (lie torsion- 
arm now be in cquilibnum at an angle <l> with the radius through 
the fixed sphere. 

Then the angle through which the electncal foice twisted the 
torsion-arm must have been 0 — <}>, and if M is the moment of 
the toisional elasticity of the fibre, we shall ha\c the equation 
Fa cos \ B = 

Hence, if we can ascertain 3f, we can deteimine the actual 
force between the spheres at the distance 2 a sin Jd. 

To find jl/, the moment of torsion, let I be the moment of inertia 
of the torsion-arm, and T the time of a double vibration of the arm 
under the action of the torsional elasticity, then 
„ 4n*/ 
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INFLUENCE OF THE CASE. 
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In all clrctroineters. it la of the greatest importance to know 
what force we are measuring The force acting on the suspended 
sphere is due jiartly to the ditwH; action of the fixed sphere, but 
jiartly also to the electrification, if any, of the sides of the case. 

If the case is made of glass it is impossible to determine the 
I leetrificalion of its siirfucc otherwise than by very difficult mea- 
Hureinents at every jioint If, however, cither the case is made 
of met.!), or if a metallic case which almost completely encloses the 
n]i]>arafuB is jilaced as a screen between the spheres and the glass 
rase, the eleefiiliialiun of the inside of the metal screen will dejicnd 
enl irely on 1 hat of the spheres, and the electrification of the glass 
rusc' will ha\e no influence on the siihores In this w'oy we may 
uioid any indr iinitcncHs due to the action of the case. 

To illustrate tliih by an example in which we can calculate all 
the elfect-., let us huj)|iobe that the case is a sphere of rarbus b, 
that the centre of motion of the torsion-arm coincides with the 
eentre of the siiherc and that its radius m a , that the charges on 
the two spheres arc A’, and E, and that the angle between their 
jiositions is 6 , that the fixed sphr>re is at a distance a, from the 
centre, and that r is the distance between the two small spheres. 

Neglecting for the present the effect of induction on the dis- 
tnbutioii of electricity on the small spheres, the force between 
them w ill be a repulsion 



and the moment of this force lound a vertical axis through the 
centre will la- 

EF.yoa^ nn 0 
r* 


The image of Aj due to the spherical surface of the case is a pomt 

in the same radius at a distance — with a charge — A,— , and the 

a, “ \ 

moment of the attraction between E and this image about the axis 
of sus])ension is 

a— sin 9 




■ Ja ’ — 2 — 0069 +—.1 
( a, 


= EE, 


aa, sin 9 


Ilf. o®**! .. a^a*, li* 

i3|l_2^cos9 
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203*.] ATTEACTED DISK ELECTBOMETEBS. 

If i, the radius of the spherical case, is large compared with a 
and the distances of the spheres from the centre, ne may nei'lect 
the second and third terms of the factor in the denominator. The 
whole moment tending to turn the tonion-arm ma\ then be written 

sin I ^ = jl/(d - 4>). 


Electrometers for the Measvrement of Potentials. 

203* ] In all electrometers the moveable part is a body cljpigeil 
with clectricitv, and its potential is dilfcrent from that of certain 
of the fixed jiarts round it. IVhcn, as in Coulomb’s method, an 
insulated body haiung a certuin charge is used, it is the charge 
which IS the diiect objer-t of measurement We may. however, 
connect the balls of Coulomb’s electrometer, by means of line wires, 
with different conductors The charges of the balls will then 
depend on the values of the jiotentials of these conductors and on 
the potential of the case of the instrument. The charge on each 
ball will l)c ajiproximati'ly e<iu3l to its ladins multijdiod by the 
excess of its potential over that of the case of the instrument, 
provided the radii of the balls are small compaicd with their 
distances from each other and from the sides or ojxjuing of the 
case. 

Coulomb’s form of apjiaratus, however, is not well adapted for 
measurements of this kind, owing to the smallness of the force 
between spheies at the piojier distances when the difference of 
potentials is small. A more convenient form is that of the 
Attracted Disk Electrometer. Tho first electrometers on this 
principle were constructed by Sir W. Snow Ilarns*. They have 
since been brought to great iierfection, both in theory and con- 
struction, by Sir W Thomson f. 

"When two disks at different potentials are brought face to face 
with a small interval between them there will be a nearly uniform 
electrification on the opposite faces and very little electrification 
on the backs of the disks, provided there are no other conductors 
or electrified bodies in the neighbourhood. The charge on the 
positive disk will be approximately proportional to its area, and to 
the difference of potentials of the disks, and inversely ns the distance 

* fhil Trans 1834 

t Se« an excellent report on Electrometen by Sir W Thomson ’Report of the 
Rntak Astoctatum, Dundee, 1867 
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PRINCIPLE OF THE GUARD RING. [2O4*. 

between them. Hence, by making the areas of the disks laige 
and the distance between them small, a small difference of potential 
may give rise to a measurable force of attraction. 

204* ] The addition of the guard-nng to the attracted disk is 
one of tic chief improvements which Sir W. Thomson has made 
on the apparatus 

Instead of suspending the whole of one of the disks and deter- 
mining the force acting upon it, a central portion of the disk is 
separated from the rest to form the attracted disk, and the outer 
ring forming the remainder of the disk is fixed. In this way the 





force is measured only on that part of the disk where it is most 
regular, and the want of uniformity of the eleetnficution near the 
edge IS of no imjK'rtflnce, as it occurs on the guard-nng and not 
on the suspended {lart of the disk 

Besides this, hj connecting the guard-ring with a metal case 
surrounding the liack of the attracted disk and all its suspending 
apparatus, the ch'ctnfication of the back of the disk is rendered 
imjiossible, for it is jwrt of the inner surface of a closed hollow 
conductor all at the same potential. 

Thomson s Asliolute Electrometer therefore consists essentially 
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204*.] 

of two parallel plates at difierent potentialu), one of \«hich is made 
BO that a certain area, no part of which is near the edge of the 
plate, is moveable under the action of electric force To fix our 
ideas we may suppose the attracted disk and guard-rin^ iipjK'rmost 
The fixed disk is horizontal, and is mounted on an insulating stem 
which has a measurable vertical motion given to it bv means of 
a micrometer screw The guard-ring is at least ns large as the 
fixed disk , its lower surface is truly plane and }>arallel to the fixed 
disk. A delicate balance is erected on the guard-nng to which 
IS suspended a light moveable disk which almost fills the circular 
aperture in the guard-ring without rubbing against its sides The 
lower BurCice of the suspended disk must be truly ])lane, and we 
must have the means of knowing when its plane coincides with that 
of the lower surface of the guard-nng, so as to form a single plane 
interrupted only by the narrow intcnal between the disk and its 
guard-nng. 

For this purpose the lower disk is screwed uj) till it is in contact 
with the guard-ring, and the suspended disk is allowed to rest 
upon the lower disk, so that its lower suiface is in the same plane 
as that of the guard-nng Its jicsition with respect to the guard- 
nng IS then ascertmned by means of a system of fidiu>ial marks 
Sir W Thomson generally uses for this purjiOBe a black hair 
attached to the moveable part. This hair moves up or down just 
in front of two black dots on a white enamelled ground and is 
viewed along with these dots by means of a piano convex lens with 
the plane side next the eye. If the hair as seen through the lens 
appears straight and bisects the interval between the black dots 
it IS said to be in its iighled poxition, and indicates that the sus- 
pended disk with which it moves is in its projicr position as regards 
height. The honzontality of the suspended disk mav be tested by 
comiiaring the reflexion of part of any object from its upper surrace 
wdth that of the remainder of the same object from the upper 
surface of the guard-nng 

The balance is then arranged ho that when a known weight is 
placed on the centre of the suspended disk it is in equilibnum 
in its sighted position, the whole apparatus being freed from 
electrification by putting every part in metallic communication. 
A metal case is placed over the guard-nng so a.s to enclose the 
balance and susjicndcd disk, sufficient apertures licing left to see 
the fiducial marks. 

The guard-nng, case, and suspended disk are all in metallic 
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(’ommuDication with 6ach other, but are insalated from the other 
lartH of the apparatus. 

Now let it be required to measure the difference of potentials 
of two oonduetors. The conductors are put m communication with 
the ujiper and lower disks respectively by means of wires, the 
weight is taken off the suspended disk, and the lower disk is 
moved up by means of the micrometer screw till the electrical 
attraction brin^ the susiicndcd disk down to its si^^hted position. 
Wc then know that the attraction between the disks is equal to 
the wcifflit which broufflit the disk to its sighted position 

If /rbe the numerical \alue of the weight, and g the force of 
gravity, the force is //y, and if A is the area of the suspended 
disk, J) the distance lictwccn the disks, and T the difference of the 
potentials of the disks, 

If the suspended disk is circular, of radius H, and if the radius of 
the ajierturc of the guard-ring is it', then 

A = + “d r= 4D ^ 


* Let us denote the radius of tho suspended disk by if, and that of the aperture of 
the ifuard nnj; by then the breadth of the annular interval between the disk and 
the nn^f will In; B U' — U 

If the distanei' between the suspended disk and the larg^ fixed disk is Z>, and the 
ditferenco of potentials between these disks is V, then (see Klertncxty and JdagneUam, 
Art 2Ul) the quantity of electricity on the suspended disk will be 

/!_ + a ) 

i hD bD i> + at' 

where o - B or a a 0 2206SJ> {Bf—E) 


If the surface of the guanUnng is not exactly in the plane of the sarfaee of 
the suspended disk, let ns suppoee that the distance between the fixed disk and 
the guanl>nng is not If but I) + ]/, then (see Slvetncity and MognatiMt, Art 225) 

there will be an additional charge of electricity near the e^fe of the disk on 
account of its height t above the general surface of the gui^nng The whole 
charge in this ease as therefore 


«-r 

^ no 


If-lP u 
bD D*a 


n . p» 

+ (.B-D) log. 


i»(a + JO 

JX~D 


» 


and in Uie expression for the attraction we must lobstiinte for A, the area of the disk, 
the ooneeted quantity 


A - j » j A* + a**- Cif'-B*) ^ + 8 (a+ a-) (ir-D) log, j , 
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205*.] Since there ib always some uncertainty in detei'minin^ the 
micrometer reading corresponding to 1) = 0, and Rnec anv error 
in the position of the suspended disk is most ini{)ortant ivhen D 
is small, Sir W. Thomson prefers to make all his meiisiirenionts 
depend on differences of the electromotive foico /' Thus, if /' and 
J' are two potentials, and 1) and J/ the corresponding distances, 

For instance, in order to measure the electromotiic force of a 
galvanic battery, tn o clectromt ters arc used 

By means of a eonden’-er, kept charged if necessary by a rc- 
plenisher, the lower disk of the prmeiiial electiometer is miuiitamed 
at a constant potential This is tested by connecting the lower 
disk of the piincipal elcetroraeter with the lower disk of .a seeoiuhiry 
electrometer, the suspended disk of winch is connected with the 
earth. The distance between the disks of the secondary' elec- 
trometer and the force rc<iuired to bring the suspended disk to 
its sighted position being constant, if wo raise the potential of the 
condenser till the secondary electrometer is m its sighted jiosition, 
wo know that the iiotontial of the lower disk of the jinneipal 
electrometer exceeds that of the earth hy a constant quantity which 
we may call V. 

If wo now conned the positive eli'ctrode of the hatlery to earth, 
and connect the snspendi'd disk of the pniieijial electrouiolcr to tlie 
negative electrode, the diffeience of potentials between the disks 
will be V + e, if 0 is the electromotive force of the Imttery Lot 
D be the reading of the micrometer m this case, and let 1/ be the 
reading when the suspended disk is connected with earth, then 

In this way a small electromotive force v may he measured 
by the electrometer with the disks at conveniently measurable 
distances. When the distance is too small a siuall change of 
absolute distance makes a great change in the force, since the 

where £ « radiue of suepeoded disk, 

•8' redig* of Aperture w the gnArd-rja^i 
J) » distance between Used and suspend^ disks, 
ly o distance between fixed disk and ^piard 
0 ^ 022(1635 (R'^B) 

When o is smaU compared with i> we maj se^iect t)ie second term, and when 
D'-oD IS small we may neglect the last term. 
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force vanes inversely as the square of the distance, so that any 
error in the absolute distance introduces a large error in the result 
unless the distance is large compared with the limits of error of 
the micrometer screw. 

II1C cflectH of small urregulanties of form in the sur&ce of the 
dihls and of the interval between them diminish according to the 
in\crsc cube and higher inverse powers of the distance, and what- 
ever Ix! the form of a comigated surface, the eminences of which 
just reach a plane surface, the electrical effect at any distance 
u Inch IS considerable compared to the breadth of the corrugations, 
H the same as that of a ]ilane at a certain small distance behind 
the plane of the tops of the eminences 

Hy means of the auxiliary clectnlication, tested by the auxiliary 
electrometer, a proper interval between the disks is secured. 

The auxiliary electrometer may be of a simpler construction, in 
which there ii, no piovision for the determination of the force 
of attraction in alisolute measure, since all that is wanted is to 
Bceurc u constant clrctrincation Such an electrometer may be 
calUxl a qaiiffc electrometer 

This method of using an auxiliary electrification besides the elec- 
trification to lie measured is called the Heterostatic method of 
clcctronictrv, in opjKisition to the Idiostatic method in which the 
whole ell'cct is jiKxliiced by the clectnfication to be measured. 

In sexcral forms of the attracted disk electrometer, the attracted 
disk IS jilaccd at one end of an arm which is supported by being 
attached to a platinum wire passing through its centre of gravity 
and keiil strefehed by means of a sjiring. The other end of the 
iirin earriOH the hair which is brought to a sighted jiosition by 
nlteniig the distance between the disks, and so adjusting the force 
of the elei’tne attraction to a constant value In these electro- 
meters this force is not in general determined in absolute measure, 
but IS known to lx* constant, provided the torsional elasticity of 
the pliitinum wire does not change. 

The whole n]>]>aratus is placed in a Leyden jar, of which the inner 
surface is charged and connected with the attracted disk and 
gunnl-nng. The other disk is worked hv a micrometer screw and 
IS connected first with the earth and then with the conductor whose 
potential is to be measured. The dilTerence of readings multiplied 
by a constant to be determined for each electrometer gives the 
jiotential required. 
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On the Measurement of Electric Potential 

206* ] In order to determine larfjc difTercnccs of jiotrntial in ab- 
Bolnte measure we may employ the attracted disk electrometer, and 
compare the attraction with the etfect of a weiffht If at the same 
time we measure the difference of potential of the same conductors 
by means of the quadrant electrometer, we shall asecrlam the 
absolute value of certain rcudini>s of the scale of the quadrant 
electrometer, and in tins way wo may deduce the laliie of tlie scale 
readings of the quadrant clecfronieter in terms of llie potential 
of the suspended part, and the moment of torsion of the biispcnsion 
apparatus. 

To ascertain the potentml of a eliarged eimductor of tinitc sue 
we may connect the conductor with one electrode of the elcctio- 
meter, while the other is eonnecti'd to earth oi to u bmU of 
constant potential The eleetrometi'r reading w ill give the ])utrntiiil 
of the conductor aftei the division of its electiicilv betwi'cn it 
and the pait of the electrometer with which it is ])ut in eontaet 
If K denote the capacity of the conductor, and K' that of this ])ait 
of the elictrometer, and if f, J' denote tlic itofcntials of these 
bodies before making contact, then their conmioii jiotential altci 
making contact will be 

- Kr+ h'V' 

' = "A+A' • 

Ili'nce the original jiotential of the condiietoi was 

f = r+^if -I') 

If the conductor is not large coinjiared with tlie chctronict<>r, 
K' will be comjiarable with K, and unless we can aseertuin the 
values of K and A' the second term of the esjire.ssion will have 
a doubtful value Hut if we can make the potential of the eh'ctiode 
of the electrometer very nearly espial to that of the body lx fore 
making contact, then the uncertainty' of the values of A' and A' 
will be of little consequence 

If we know the value of the jiotentwl of the body ajiiiroximatcly, 
we may charge the electrode by means of a ‘ rcplenisher ’ or other- 
wise to this approximate potential, and the next experiment will 
give a closer approximation In this way w'e may measure the 
potential of a conductor whose capacity is small comi>ared with that 
of the electrometer 
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To Meamire the Potential at any Point in the Air. 

207*.] Firtt Method. Place a sphere, whose la^ios is small com- 
pared wiih the distance of electrified conductors, with its centre 
at the given point Connect it hy means of a fine wire with the 
earth, then insulate it, and carry it to an electrometer and ascertain 
the total charge on the sphere 

Then, if V he the jiotcntial at the given point, and a the 
radius of the sphere, the charge of the sphere will he — Fa = Q, 
and if F' be the potential of the sphere as measured hy an 
electrometer when placed in a room w'hose walls are connected 
with the earth, then Q = y'a, 

whence r+ / ' = 0, 

or the potential of the air at the i>oint where the centre of the 
sphere was placM is equal hut of op])Ositc sign to the potentml of 
the s]ihere after being connected to earth, then insulated, and 
brought into a room. 

This method has been employed by M Delmann of Creuznach in 
measuring the jiotential at a certain height above the earth's 
surCice * 

Second Method. Wo have supposed the sphere placed at the 
guen ]ioint and first connected to earth, and then insulated, and 
earned into a sjiacc surrounded with conducting matter at potential 
zero 

"SovT let us supiKise a fine insulated wire carried from the elee- 
trodo of Iho electrometer to the place where the potential is to 
be mensured Let the sphere be first discharged completely. This 
maj be done bv putting it into the inside of a vessel of the same 
metal which nearly surrounds it and making it touch the vessel. 
Now let the sphere thus discharged lx; earned to the end of the 
wire and made to touch it Since the sphere is not electnfied it 
will be at the potential of the air at the place If the electrode 
w ire IS at the same potential it will not be affected by the contact, 
but if the electrode is at a different ])otential it will by contact 
with the sphere Ijo made nearer to that of the air than it was 
before. By a succession of such operations, the sphere being 
alternately discharged and made to touch the electrode, the poten- 
tial of the electrode of the electrometer will continually approach 
that of the air at tho given point. 


[Compare Art, SO ] 
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208*.] To measure the potential of a conductor without touching 
It, we may measure the potential of the air at any point in the 
neighbourhood of the conductor, and calculate that of the conductor 
from the result If there be a hollow nearly surrounded by the 
conductor, then the potential at anj' point of the air in this hollow 
will be very nearly that of the conductor 

In this way it has been ascertained by Sir W. Thomson that if 
two hollow conductors, one of copper and the other of zinc, arc 
m metallic contact, then the potential of tho air m the hollow 
surrounded by zinc is positive with reference to that of the an in 
the hollow surrounded by copper 

Thud JJefhod If b}' any means we can cause a succession of 
small bodies to detach themselves from tho end of the electrode, 
the potential of the electrode will approximato to that of the sur- 
loundingliir. This may be done by causing shot, filings, sand, or 
water to dtop out of a funnel or pii>o connected with the electrode 
The point at which tho potential is measured is that at which 
the stream ceases to be eontinuous and breaks into separate parts 
or drops 
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TUE MEASUREMENT OP ELECTRIC RESISTANCE. 

209*.] In the present state of electrical science, the determi- 
nation of the electric resistance of a conductor may ho considered 
as the cardinal ojieruiion in electricity, in the same sense that the 
determination of weij»ht is the cardinal ojicration in ehemistrj' 

The reason of this is that the determination in absolute measure 
of other electrical ma^itudes, such as quantities of elcctncity, 
eleetroniotivc foives, currents, &i , requires in each case a com- 
plicated senes of oiicratiims, invoUiiiff fsencrally observations of 
time, measurements of distances, and determinations of moments 
of inertia, and these operations, or at least some of them, must be 
repeated for everv new determination, because it is impossible to jire- 
serve a unit of eleetneity, or of eleetromotii e force, or of current, in 
an unchangeable state, so as to be available for direct conijiarison 
But when the electric ri'sibtanee of a jiroperly shaped conductor 
of a jiroperly chosen material ha.s been once determined, it is found 
that It uUa,>s lemains the s,ime for the same tempeiaturc*, so that 
the eoiiduetor iiiay 1 h' used ns a standard of resistance, with which 
that of other londuetors can 1» eomjmriHl, and the comjiarison of 
two resistances is an o}x<ration which admits of extreme accuracy 
When the unit of electrical resistance has been fixed on, material 
copies of this unit, in the form of ‘ Resistance Coils,’ arc prepared 
for the use of elect iieinns. so that in every jiart of the world 
electrical resistances, max lie cxpreiwod in terms of the same unit. 
These unit resistance coils are at ]in*M'nt the only examples of 
material eleetne standards which can be preserved, cojueil, and used 
for the purpose of nicasiireiiicnt Measures of electrical capacity, 
which are also of jireat importance, are still defective, on account 
of the disturbing influence of electric absorption. 

210* ] The unit of resistance may be an entirely arbitrary one, 

as in the case of Jacobi's Btalon, which was a certain copper 

* piwent olnerTatimu hare ■hewn that it if far ftom eai; to find a natenal 
adafying thii cunditiuu ] 
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wire of 22 4932 grammes weight, 7-61975 metres length, and 0 607 
millimetres diameter. Copies of this have l>ccn made by Leyser of 
Leipsig, and arc to be fonnd in diflercnt places. 

According to another metliod the unit may be deflned as the 
resistance of a portion of a definite substance of definite dimensions. 
Thus, Siemens' unit is defined as the resistance of a column of 
mercuiy of one metre long, and one square millimetr(> section, at 
the temjieratnie 0 C 

211*.] Finally, the unit may bo defined with reference to fhe elec- 
trostatic or the eloctroniagneticf^steni of units In practice the elec- 
tromagnetic s_\ stem i« used in all tclegi.iphie operations, and therefore 
the only systematic units actually in use arc those of this system. 

In the electromagnetic system a resistance is a quantity homoge- 
neous with a velocity, and may therefore be exjircssed as a velocity 
212*] The first aetiiul measurements on this system were made 
by Weber, who emploied as his unit one millimetre per second 
Sir W Thomson afterwards used one foot ]>cr second as a unit, 
but a large number of cleotncians have now agreed to use the 
unit of the Jlntish Association, which professes to represent a 
resistance wIikIi, expressed as aselocity, is ten millions of metres 
ix?r second The magiiitude of this unit is more emiiement than 
that of Weber’s unit, which is too small It is sometimes referrtsl 
to as the HA. unit, but in order to eoniieet it witli the name of 
the discoverer of the laws of lesistance, it is called the Ohm. 

213*] To lecolleet its lalne in absidute measure it is useful 
to know that ten millions of meties is piofessedly the distance 
from the pole to the equator measured along the meridian of Puns 
A body, therefore, which in one second travels along a meridian 
from the [Kile to the eepnator would have a vclooity which, on the 
electromagnetic si stem, is jirofessedly represented by an Ohm 
I say professedly, because if more aeciir,ife reseurehes should 
prove that the Ohm, as construeti'd from the Hritish Association's 
material standards, is not leally represented by this velocity, elec- 
tricians would not alter their standimls*, but would ajiply a <or- 
lection. In the same way th(‘ metic i-. professedly one ten-millionth 
of a certain qua/Irantal arc, but though this is found not to be 
exactly true, the length of the metre has not been alts-red but the 
dimensions of the earth arc expressed by a less sinqile nnialicr 
According to the system of the British A-sociation, the absolute 
value of the unit is ongnuilly choten so as to rejirescnt as nearly 
* [HeetriciMU have Hucely i«t«d up to tiiu principle m the reform of the Ohm ] 

N 
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u powiblfi a qoaatity derived from the electromagnetic abeolute 
lyatem. 

214*'.] When a material unit representing this ahetraet quantity 
has been made, other standards are constructed by copying this unit, 
a process capable of extreme accuracy — of much greater accuracy 
than, for instance, the copying of foot-rulee from a standard foot 

These copies, made of the most permanent matenals, are dis- 
tributed over all jiarts of the world, so that it is not likely that 
any difliculty mil be found in obtaining copies of them if the 
original standards should be lost. 

But such unite as that of Siemens can without very great 
labour be reconstructed with considerable accuracy, so that as the 
relation of the Ohm to Siemens unit is known, the Ohm can be 
reproduced even without having a standard to copy, though the 



labour is much greater and the accuracy 
much less than by the method of copying. 

Finally, the Ohm may be reproduced by 
the electromagnetic method by which it 
was originally determmed. This method, 
which 18 considerably more laborious than 
the determination of a foot from the seconds 
pendulum, is probably infenor in accuracy 
to that last mentioned. On the other hand, 
the determination of tho electromagnetic 
umt in terms of the Ohm with an amount 
of accuracy eoiTcsponding to the progress 
of electrical snence, is a most important 
jihysical research and well worthy of bemg 
repeated. 

The actual resistance coils constructed 
to represent the Ohm were made of an 
alloy of two parts of silver and one of pla- 
tinum in the form of wires from >5 milli- 
metres to >8 milhmetres diameter, and from 
one to two metres in length These wires 


were soldered to stout copper electrodes. The wire itself was 


covered 'with two layers of silk, imbedded in solid 'paraffin, and 


enrlo'ied in a thin brass case, so that it can be easily brought to 
a temjicrature at which its resistance is accurately one Ohm. 
This temperature is marked on the insulating support of the eoiL 
(See Fig. 44.) 
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On, the Fom» of Eeeutanee Coih, 

216*.] A Resistance Coil is a conductor capable of beini' easily 
placed in the voltaic circuit, so as to introdtlce into the circuit 
a known resistance. 

The electrodes or ends of the coil must be such that no appre* 
ciable error may arise from the mode of making the connexions 
For resistances of considerable magmtude it is sufficient that the 
electrodes should be made of stout copper wire or rod well amal- 
gamated with mercury at the ends, and that the ends should be 
made to press on flat amalgamated cop]>er surfaces placed in 
mercury cups. 

For very great resistances it is sufficient that the electrodes 
should be tinck pieces of brass, and that the connexions should 
be made by inserting a wedge of brass or copper into the interval 
between them Tliis method is found very convenient. 

The resistance coil itself consists of a wire well covered with 
silk, the ends of which are soldered ]>ermanently to the elec- 
trodes. 

The coil must lie so arranged that its tcmiierature may be easily- 
observed For this purpose the wire is coiled on a tulie and 
covered with another tube, so that it may Iw ]>1uecd in a vessel 
of water, and that the water may have access to the inside and the 
outside of the coil 

To avoid the electromagnetic effects of the current in the coil 
the wire is first doubled back on itself and then coiled on the tube, 
so that at every part of the coil there are etjiial and opjiositc 
currents in the adjacent parts of the wire 

When it IS desired to keeji two coils at the same temperature the 
wires are sometimes placed wde by side and coiled nji together. 
This method is especially useful when it is moie imjiortant to 
secure equality' of resistance than to know the absolute value of 
the resistance, as in the case of the equal arms of Wheatstone’s 
Bridge (Art. 221). 

When measurements of resistance were first attempted, a resist- 
ance coil, consisting of an uncovered wire coiled in a spiral groove 
round a cy Under of insulating material, was much used. It was 
called a Rheostat. The accuracy with which it was found possible 
to compare resistances was soon found to bo inconsistent with the 
use of any mstrument in which the contacts arc not more perfect 
than can be obtained in the rheostat. The rheostat, however, is 
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amd for Hdjustinfr the leeistance where accnrate measurement 
IS not required 

Resistance coils are ^nerally made of those metals whose resist- 
ance is greatest and which vary least with temperature. German 
silver fulfils these conditions very well, Imt some specimens are 
found to change their properties dtmng the lapse of years. Hence 
for standard coils, several imre metals, and also an alloy of platinum 
and silver, have been employed, and the relative resistance of these 
during several years has been found constant up to the limits of 
modern accuracy*. 

216*.] For very great resistances, such as several millions of 
Ohms, the a ire must lie either very long or very thin, and the 
construction of the coil is expensive and diiTiciilt. Hence tellnniim 
and selenium have been projiosed as materials for constructing 
standards of great resistance. A very ingenious and easy method 
of constniction has been lately jirojiohed by Phillips f . On a piece 
of ebonite or ground glass a fine pencil-hne is drawn. The ends 
of this filament of plumbago are connected to metallic electrodes, 
and the whole is then covered with insulating lomish If it 
should 1 k‘ found that the resistance of such a pencil-line remains 
constant, this will be the best method of obtaining a resistance of 
several millions of Ohms 

217* ] Tliere arc various arrangements by which resistance coils 
may Iw easily intiodueod into a circuit 

For instance, a series of coils of which the resistances are 1, 2, 
4. 8, 1C, See., arranged according to the powers of 2, may be placed 
in a box in senes 



04 u te s ■* a t 

Fip 45 

'fhe electrodes <>onsist of stout brass plates, so arranged on the 

* [Merc ncent ezperimenU ilvlicate a Bm^l change in reeii tanee in eonne of tune 1 
t i**«f Mag , J uly, 1070. 
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outeide of the box that by ituertiof* a brass plug or vedge between 
two of them as a shunt, the reliance of the corrosiionding: coil 
may be put out of the circuit. This airangemcnt mbs introduced 
by Siemens. 

Each mtenal l>etweon the electrodes is marked with the resist* 
ance of tJic coi responding coil, so that if wr Misk to make the 
resistance box e(|ual to Id 7 we express 107 in the hiimry scale us 
64 + 32 + 8 + 24-1 or 11(11011. We then fake the plufpl out of 
the holes eoricsjiondini' to 64, 32, 8, 2 and 1, and lea\u the pluj's 
in 16 and 4. 

This, method, founded on the binary scale, is that m which the 
smallest numbei of sepuiutc coils is ncedisl, and it is also that 
which can be most readily tc-steil For if we have another coil 
eipial to 1 we can test the cipiality of 1 and l', then that of 1 + F 
and 2, then that of 1 + l'+ 2 and 4, and so on 

The only disadvantaf'c of the arranf'cmcnt is that it requires 
a familiantv "ith the binaiy scale of notation, winch is not 
{generally possessed by those accustomed to express o\cry nuinbei 
lu the decimal scale 

218*] A box of losistaiice coils may be arniiiffcd in a dillerent 
way for the purjiose of luea- 
Bunnp' conductiMties instead of 
resistances 

The coils ore placed so that 
one end of each is connected 
with a lon<y thick jiioce of 
metal which forms one eleC' 
trode of the box, and the other 
end Is connected with a stout piece of brass plate as in the foiiner 
case 

The other electrode of the liox is a Ions brass jilate, Mich that 
by inscitin^ brass pluffs between it and the electrodes of the coils 
it may lie connected to the first electrode through any given set ol 
coils. The conductiiity of the box is then the sum of the con- 
ductivities of the coils 

In the figure, in which the resistances of the coils are 1, 2, 4, See , 
and the plugs aie inserted at 2 and 8, the conductivity of the box 
IS j J = f, and the resistance of the box is therefore J or 1-6. 

This method of combining resistance coils for the measurement 
of fractional resistances was introduced by Sir W . Tliomson under 
the name of the method of multiple arcs. (See Art. 158 ) 
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Oh the ComparitoH of Renetancet. 

219* ] If K u the electromotive force of a battery, and B, the 
reeistance of the battery and its connexions, inclodin^ the galvan* 
ometer used in measuring the current, and if the strength of the 
current is I when the battery connexions are closed, and 7, 
when additional resistances r^, r, are introduced into the drcuit, 
then, ly Ohm’s Law, 

^ = 7B = 7, (7?+r,) = 7,(5 + r,). 

Eliminating E, the electromotive force of the battery, and R 
the resistance of the battery and its connexions, we get Ohm’s 
formula n _ (7- 7,) 7* 

This method requires a measurement of the ratios of I, 7j and 7^, 
and this implies a galvanometer graduated for absolute mea- 
surements. 

If the resistanees and are equal, then 7, and 7^ are equal, 
and we ran test the equality of currents by a galvanometer which 
IS not rajiablo of determining their ratios. 

Blit this is rather to be taken as an example of a faulty method 
than as a practical method of determining resistance. The electro- 
motive force B cannot be maintained rigorously constant, and the 
internal resistance of the battery is also exceedingly variable, so 
that any methods in which these are assumed to bo even for a short 
time constant are not to be depended on. 

220*.] The comparison of resistances can be made with extreme 


c 



Fig 47 


accuracy by either of two methods, in which the result is in- 
dependent of variations of R and E. 




183 


320*.] THK COMFABISOy OF BESISTANCES. 


Tile first of these methods depends on the use of the difierential 
galvanometer, an instrument in which there are two coils, the 
currents in which are independent of each other, so that when 
the currents are made to flow in opposite directions they act in 
opposite directions on the needle, and when the ratio of these 
currents is that of to a they have no resultant efleut on the 
galvanometer needle 

Let /], /j> be the currents through the tw'o coils of the galvan- 
ometer, then the deflexion of the needle may be w ritten 

8 = 

Now let tho battery current I be diiided lietwecn the coils of 
the galvanometer, and let resistances A and B bo introduced into 
the first and second coils respectively Let tho remainder of the 
lesistance of the roils and their connexions be a and ^ respect- 
ively, and let the resintance of the battery and its connexions 
between C and 1) be r, and its cleclroiiiotiv’e force K 

Then we find, by Ohm's Law, for the difference of ]>otentials 
between 6' and 1), 


C-B = /, (J + a) = 7,(5 + ^) = A’-7r, 


and since 


I, = E 


B + 0 
1 ) ’ 


h + h = I, 


I. 


„^ + o 

^-1) 


A+a+B+0 

D 


where J) = (A + a)(B+fi)+r(A + a + B+p). 

The deflexion of the galvanometer needle is therefore 

and if there is no observable deflexion, then we know that the 
quantity enclosed in brackets cannot dillcr fiom zero by more than 
a certain small quantity, depending on the power of the battery, 
the suitableness of the arrangement, the delicacy of the galvan- 
ometer, and the accuracy of the observer 

Suppose that B has been adjusted so that there is no apparent 
deflexion. 

Now let another conductor A' bo substituted for A, and let A' be 
adjusted till there is no apparent deflexion. Then evidently to a 
first approximation A'= A. 

To ascertain the degree of accuracy of this estimate, let the 
altered quantities in the second observation be accented, then 
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m{S+P)-»(-d + a) = ^ 8 , 

m(B+0)—n(A'+a) = ^ 6'. 

Hence « (A' —A)=-ph — j., h'. 

If 8 and 8', innlcad of bcinp both apimrcntly zero, had been only 
observed to bo equal, then, unless we also could assert that K — Ji', 
the nght-hand side of the equation mip'ht not be zero In fact, the 
method ■would be a mere modification of that already described. 

The merit of the method consists in the fact that the thinp 
observed m the absence of any deflexion, or in other words, the 
method is a Null method, one in which the non-existcnce of a force 
IS asserted from an observation in which the force, if it had been 
difierent from /cio by more tlinn a ccitain small amount, would 
have produced an observable efl'ect 

Null niothods are of ffreat value where the) can be employed, 
but they can onU be omjilojed where we can cause two equal and 
ojiiiosite quantilu's of the same kind to enter into the experiment 
together. 

In the case before us both 8 and 8' aio quantities too small to be 
obsemKl, and therefoie any clmnge in the value of /? will not affect 
the aivuiac) of the rc.sult 

The actual dcgiee of accuracy of this method might b(' ascer- 
taimxl bi taking a number of olisen ations in each of which A' 
IS hoparatch adjusted, and conijanng the result of each observation 
with the nieiiii of the whole senes 

Ilut by jiiitting J' out of adjustment by a known quantity, as, 
for instance, b) inseiting at A nr at li an additiomil resistance 
equal to a hiiiidredth part of / or of B, and then observing 
the resulting dev iiition of the galvanometer needle, we can estimate 
the number of degiees corresponding to an error of one per cent 
To find the actual degice of precision we must estimate the smallest 
detlcxion which could not c«tape observation, and compare it with 
the deflexion due to an error of one per cent 

*lf the eoniiianson is to be made between A and Ji, and if the 
jKwitions of 4 and B nic exchanged, then the eccoud equation 
Isicomes 

* This inwni^atioD is taken from Web«r*i treatise cn Galvanometiy GoUinjftn 
Tmtaaetioiu, x |i, Of 
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(,„ + „) = 6'. 


whence 

If m and h, A and B, a and B «K‘ ni)i)roximntcly equal, then 


n-.i = 




Here d—&' may he fiiken to be the bii)ulle>*i oWrvnble deflexion 
of the ffahanonielcr. 

If the jful\.inonic(er wire la* made longer and thinner, leluininff 
the name total ma*", then u Mill Miiy a« the leiipfth of the Min* 
and a oh the K^iiare of the Ien|;th Hence there Mill he a imninmin 

..i™ of +.''.+_y„i,„ 


If M’c Mippose r, tlie battery re*<i*-tunce, s-niall conijmreil Mith ./, 
this {fives a=i.l, 

or, fie reeiefaiice of ••ath cot! of the gahanomcier ehouhl be one-lhird 
of the raietmice to Le uieamned 

IVe then find ,, , 8 -/- ,, 


If Me alloM the enrient to flow throiiffh one only of the coils 
of the {falvaiiomclei, and if the deflexion thereby ])roduecd is A 
(sujqiosinjf the delleMon striilly jiiojiurtionjl to the deflecting 
lorce), then 


Hence 


A = 


M K _ 3 a A’ 
./ + o + r 4 

fl-A _ 
A ~ 


if r = 0 and o = ^ -4 

2 8 - 6 ' 

3 A 


In the differential galvanometer two eiinent‘< are made to 
produce equal and opposite effects on the suspended needle. The 
force Mith which either current acts on the needle depi'ndg not 
only on the strength of the current, but on the position of the 
windings of the wire with respect to the needle. Hence, unless 
the eoil 18 ver} carefully wound, the ratio of w to » may change 
when the position of the needle is changed, and therefore it is 
necessary to determine tbi8 ratio by proper methods during each 
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course of cxperiineiitB if any alteration of the position of the needle 
is suspected. 

The other null method, in which Wheatstone’s Bridge is used, 
requires only an oidinaiy galvanometer, and the observed zero 
deflexion of the needle is due, not to the opposing action of two 
currents, but to the non-existence of a current in the wire Hence 
we have not merely a null deflexion, but a null current as the 
phenomenon obsen’cd, and no errors can arise from want of 
regularity or change of any kind in the coils of the galvanometer. 
The galvanometer is only required to be sensitive enough to detect 
the existence and direction of a current, without m any way 
determining its value or comparing its value with that of another 
current. 

221* ] Wheatstone’s Bridge consists essentially of six conductors 
connecting four points. An electromotive 
force E IS made to act between two of the 
points by means of a voltaic battery in- 
troduced between B and C The current 
between the other tw'o points 0 and A is 
measured by a galvanometer. 

Under certain circumstances this current 
becomes zero. The conductors BC and OA 
are then said to be conjugate to each other, 
which imp'ies a certain relation between the resistances of the 
other four conductors, and this relation is made use of in mcasnnng 
resistances. 

If the current in OA is zero, the potential at 0 must be equal 
to that at A. Now when we know the iwtentials at B and C we 
can determine those at 0 and A by the rulo given at Art 157, 
provided there is no current in OA, 

fi + y ’ ‘ ~ 0 + c 

whence the condition 18 b^ = ey, 

where 6, e, /3, y are the resistances in CA, AB, BO and OC re- 
spectively. 

To determine the degree of accuracy attainable by this method 
we must ascertam the strength of the current in OA when this 
condition is not fulRlled exactly. 

Let A, B, C and 0 be the four points. Let the cunenta along 
BC, CA and AB be «, jr and z, and the resistanceB of these 


A 
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oondiicton a, b and e. Let the cnrrents alon^ OA, OB and OC be 
1 ), (, and the reeietances a, /9 and y. Let an electromotive force 
E act along BC. Required the cnnent ^ along OA. 

Let the potentials at the points A, B, C and 0 be denoted by 
the symbols A, B, C and 0. The equations of conduction are 
ax=B—C+E, a(=0—A, 

bjf = C—A pi]=0 — B, 

cz = A — B y(=.0—C, 

with the equations of continuity 

f+y-i = 0, 

7}+ r— * = 0, 

(+x—y~ 0 

By considering the system as made up of throe circuits OBC, 
OCA and OAB in which the cnrrents arc x, y, s respectively, and 
applying KirchhofT’s rule [Art. 158] to each cycle, we eliminate the 
values of the potentials 0, A, B, C, and the currents f, ij, f, and 
obtain the following equations for x, y and x, 

(a + (3 + y)a!— yy — /3r = A, 

— y« +(4 + y + o)y— os =0, 

~px —ay -f (c + a + /3)s = 0 

Hence, if we put 

B= o + ^ + y — y — /3 

— y 4 + y+o — o 

— ^ —a c + o + ^ 

we find 

and a = ^ {(J + y)(c + ^) + a(S + c + ;3 + y)} 

222*.] The value of B may bo expressed in the symmetrical form, 
l) = abc + Ic ()3 + y) + ca (y + o) + o5(o + ^) + (a + J + c) (fiy + yo + o)3) 
or, smee we suppose the battery in the conductor a and the 
galvanometer in a, w'e may put B the battery resistance for a and 
G the galvanometer resistance for o. Wc then find 
J>= 5G(4 + c+)3 + y) + A(4 + y)(c + ^) 

+ G(i+c)(/3 + y) + icO + y) + /3y(6 + c). 
If the electromotive force E were made to act along OA, the 
resistance of OA being still a, and if the galvanometer were placed 
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in liC, the resistance of BC being still a, then the Talae of D would 
remain the same, and the enrrent in BC due to the electromotive 
force E acting along OA would bo eqnal to the current in OA due 
to the electromotive foice E acting in BC. 

But if we simply disconnect the battery and the galvanometer, 
and without altering their respective resistances connect the battery 
to 0 and A and the galvanometer to B and C, then in the value of 
1) wo must exchange the \alue8 of B and G If 2^ be the value of 
1) after this exchange, we find 

= (6’-71) {(i + c)0 + y)-(Hy)(/3 + c)}, 

= (ii-r;){(4-^)(,-y)} 

Let us suppose that the resistance of the galvanometer is greater 
than that of the Imttciy 

Let us also suppose that in its original position the galvanometer 
wnnccts Iho junction of the two conductors of least lesistance ;3, y 
with the junetion of the two conductors of greatest resistance 4, c, 
or, in other woids, wc shall supposi- that if the (piautitics 4, c, y, ^ 
are arranged 111 order of magnitude, I and c stand together, and 
y and ji stand together Hence the qimutitics 4-/3 and c— y are 
of the Nime sign, so that then product is positive, and therefore 
/>—/>' IS of the same sign as B— (1 
If tliciefiirc the galiaiionicter is made to connect the junction of 
the two greatest resistances with that of the two least, and if 
the gulvanoiiietcr resistance is greater than that of the battery, 
then the lahie of will be U“-s, and the value of the deflexion of 
the guKanometor greutei, than if the eoiinexioiis are exchanged 
The rule therefore for obtaining the greatest gahanoineter de- 
flexion in a gi\en sisteni is as follows 

Of the two resistances, that of the battery and that of the 
gaUanometer, connect the greater resistance so as to join the two 
greatest to the two least of the four other resistances 

223* ] AVe shall siijiposc that we have to determine the ratio of 
the resistances of the conductors AB and AC, and that this is to be 
done bj finding a iiomt O on the conductor BUC, such that when 
the points A and 0 are eonneeted b\ a wire, m the course of which 
a gaKaiionieter is inserU'd, no sensible deflexion of the galvano- 
meter needle occurs when the batten' is made to act between B 
and C. 

The conductor BOC may be supjiosed to be a wire of uniform 
resistance di\ ided into ecpial parts, so that the ratio of the resist- 
ances of Bt) and OC may be read off at once 
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Instead of the whole condactoT being a uniform wire, we may 
make the part near 0 of such a wire, and the parts on each side 
may be coils of any form, the resistance of which is accurately 
known 

We shall now use a different notation instead of the symmetrical 
notation with which we commenced 
Let the whole resisfanee of HJC be li. 

Let r = mil and 4 = (1 — w) J{. 

Let the whole resistance of HOC be S. 

Let /3 = mS and y = (1 —fi)S 

The value of « is read off dircetlv, and that of m is dediuvd from 
it when th(>rc is no sensible deviation of the galninonieter 

Let the resistance of the battery and its connexions be H, and 
that of the galvanometer and its connexions G 
We find as before 


J)= G\mi + J}S+ IIS} +w{l-ui)lC{Ji + S) + >,{l-n)S^Ji + 7?) 
+ (w 4- » — 2 >««) HA'S, 

and if ^ is the current m the gahancmeter wire 

^ = -jf («-»')• 

In order to obtain the most ai-eniatc results wo must make the 
deviation of the needle as great as possible compared with the 
value of {n — ni). This may lie done bv i>io))erl\ elioohing the 
dimensions of the galvanometer and the standard resistance wire 

It may be shewn that when the form of a gahanomider win* 
is changed while its mass remains constant, the deviation of the 
needle for unit eunent is piojiortional to the length, but the 
resistance increases as the square of the length Hence the 
maximum deflexion is shewn to occur when the resistance of the 
gaU anometer wire is equal to the constant resistance of the rest 
of the circuit 

In the present case, if 8 is tlie deviation, 

8 = (7 VG(, 


where C is some constant, and G is the galvanometer resistance 
which varies as the square of the length of the wire lienee we 
find that in the value of D, when 8 is a maximum, the part involv- 
ing £r mnst be made equal to the rest of the expression 

If we also put m = a, as is the case i** we have made a correct 
observation, we find the best value of (7 to be 
G = « (1 — «) (5 + 5). 
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Hub result is easily obtaiued by consideTuig the xesistaiioe in>m 
4 to 0 through the ^stem, remembering that BC, being conjugate 
to AO, has no effect on this resistance. 

In the same way we should find that if the total area of the 
acting surfaces of the battery is gfiven, the most advantageous ar- 
rangement of the battery is when 


B = 


SB 

R+S' 


Finally, we shall determine the value of 8 such that a given 
change in the value of a may produce the greatest galvanometer 
deflexion. By differentiating the expression for f we find 

If we have a great many determinations of resistance to make 
in which the actual resistance has nearly the same value, then it 
may be worth while to prepare a g^vanometcr and a battery for 
this pur^xise. In this case we find that the best arrangement is 
S=:R, JssJJZ, 6=Zn{l—rt)B, 
and if s = G = ^B, 


On the U»e of WAeaMone'* Bridge. 

224* ] We have already explained the general theory of Wheat- 
stone’s Bridge, we shall now consider some of its applications 



The comparison which can be effected with the greatest exactness 
is that of two equal resistances. 
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Let Tu suppose tibat ^ is a standard resistance coil, and that we 
wish to adjust y to be equal in resistance to j9. 

Two other coils, h and c, are prepared which are etjual or nearly 
equal to each other, and the four coils are placed with their electrodes 
in mercury cups so that the curimit of the battoiy is divided 
between two branches, one consisting of /3 and y and the other 
of b and e. The coils b and e arc connected by a wire PS, as 
uniform in its resistance as possible, and furnished with a scale of 
equal parts. 

The (falvanozacier wire connects Ihe junction of /3 and y with 
a point Q of the wire P7f, and the point of contact at Q is made 
to vary till on closinf' first the battery circuit and then the 
galvanometer circuit, no deflexion of the galvanometer needle is 
observed. 

The coils and y are then made to change places, and a new 
position IS found for Q If this new position is the same ns the 
old one, then we know that the exchange of and y has produced 
no change in the proportions of the resistances, and therefore y 
IS nghtly adjusted If Q has to be moved, the diiectioii and 
amount of the change will indicate the nature and amount of the 
alteration of the length of the wire of y, which will make its resist- 
ance equal to that of /t 

If the resistances of the coils b and r, each including part of the 
wire PS up to its zero reading, are wpial to that of I and c divisions 
of the wire resjH'ctively, then, if x is the scale reading of Q in the 
first cose, and y that in the second. 


whence 


c + r _ /3 c + y _ y 

b — x ~ y ’ b—y ~ /3 ’ 

/ _ 1 (*+c)(y-g) 

ti' + 

Since b—y is nearly equal to e + a:, and both are great with 
respect to :r or y, we may write this 

>1- - 1 + 4 -IZlf 

b-ye' 


When y is adjusted as well as we can, we substitute for b and e 
other colls of (sai ) ten times greater resistance. 

The remaining difierence between ^ and y will now produce 
a ten times gi eater difTcrence in the position of Q than writh the 
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original coils h and c, and in this way we can continually increase 
the accniacy of the comparison. 

The adjustment hr means of the wire with sliding contact piece 
is more quickly made than by means of a resistance box, and it is 
capable of continuous \anation. 

The liuttery must never be introduced instead of the galvano- 
meter into the wire with a sliding contact, for the passage of a 
powerful current at the point of contact would injure the surface 
of the wire. Hence this arrangement is adapted for the case in 
which the resistance of the galvanometer is greater than that of the 
liattery. 

When y, the resistance to be measured, a, the resistance of the 
battery, and o, the resistance of the galvanometer, are given, the 
best values of the other resistances have been shewn by Mr Oliver 
Heaviside {Vhit. May., Feb 1873) to be 



Thomnon't* Mflhod for llie lieiermnation of the Bemianre of ' 
the (lolvanomeii'T. 

225* ] An arrangement similar to "Wheatstone’s Bridge has been 

employed nitli advantage by 
Sir W 'ITiomson in determin- 
ing the resistance of the gal- 
vanometer when in actual use 
It was Miggcsted to Sir W. 
Thomson by Mancc's Method 
(See Art 226 ) 

Let the liattery be placed, 
as before, between B and C 
in the figure of Article 221, 
but let the gaUanometer be 
placed in CA instead of in 
O.l If hfi—cy is zero, then 
the conductor OA is conjugate 
to BC, and, as there is no cur- 
rent produced in OA bv the batterj' in BC, the strength of the 
current in any other conductor is independent of the resistance 



* Proe S 5, Jsa.ie, 1871. 
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mange’s method. 
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in OA. Hence, if the ^vanometer is placed in CA its deflexion 
will remain the same whether the resistance of OA is small or 
great. We therefore observe whether the deflexion of the gnli’ano- 
meter remains the same when 0 and A are joined by a eondiictor 
of small resistance, as when this connexion is broken, and if, by 
properly adjusting the resistances of the conductors, we obtain this 
result, we know that the resistance of the galvanometer is 



where e, y, and /3 arc resistance coils of know n resistance. 

It will be observed that though this is not n null method, in the 
sense of there being no current in the gaKanometcr, it is so in 
the sense of the fact observed being the negative one, that the 
deflexion of the galvanometer is not changed when a certain con- 
tact is made An obseriation of this kind is of greater value 
than an observation of the etjimlity of two diflerent deflexions of 
the same galvanometer, for in the latter case there is fiino for 
altomtion in the strength of the battiTy or l.he sensitiveness of 
the galvanometer, whereas when the deflexion remains constant, 
in biiite of cortiiin changes which we can repeat at pleasure, wo oro 
sure that the ciinent is (piite independent of these clianges. 

The deteiinination of the resistance of the coil of a galvanometer 
can easily be effected in the ordinary way of using Wheatstone’s 
Bndge by placing another galvanomi'ter in O.f By the method 
now described the galvanometer itself is employed to measure its 
own resistance. 

Mances* Method of determining the Ttendanee of the Battery 

226*.] The measurement of the resistance of a battery vv hen in 
action IS of a much higher ordei of diflicult.v', sinie the resistance 
of the battery is found to change €•onBldcrably for ‘•ome time after 
the strength of the current thiough it is changed In m.snj of the 
methods commonly used to measure the resistance of a t)attcrv such 
alterations of the strength of the current thiough it occur in the 
course of the operations, and therefore the results are rendered 
doubtful. 

In Mance's method, which is free from this objection, the battery 
18 placed in BC and the galvanometer in CA. The connexion 
between 0 and B is^thcn alternately mode and broken. 

* Proe B.8,3ui 19, 1871 
o 
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If the deflexion of the galvanometer remains unaltered, we know 
that OB IS conjugate to CA, whence ey = no, and a, the resistance 
of the batter}', is obtained in terms of known resistances e, y, o. 

When the condition cy = aa is fulfilled, then the current through 
the galvanometer is 

Ba 

^ ~ 4a + c(6 + a + y)’ 

and this is indejiendent of the resistance B between 0 and B. To 
test the sensibility of the method let ns suppose that the condition 
ey = aa is nearly, but not accurately, fulfilled, and that is the 
current through the galvanometer when 0 and B are connected 



by a conductor of no sensible resistance, and yj the current when 
O and B are lomjilctely disconnected. 

To find these values we most make /3 equal to 0 and to w in the 
general formula for y, and comjiare the results. 

In this way we find 

a cy-aa 

y y(<- + a)(o + y)’ 

where '/„ and are supposed to be so nearly equal that we may, 
when tlieir ditl’erencc is not in question, put either of them equal 
toy, the value of the current when the adjustment is perfect 
The rcsisfiince, c. of the conductor AU should be equal to a, 
that of the liattcry, a and y, should be equal and as small as 
)>ossiblo, and b should la* equal to a + y 

Since a galvanometer is most sensitive when its deflexion is 
small, we should bring the needle nearly to zero by means of fixed 
magnets befoic making contact between 0 and B. 

In this method ol measuring the resistance of the battery, the 
current in the battery is not in any way interfered with during the 
operation, so that we may ascertain its resistance for any given 
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etrcnj^h of current, bo as to determine how the etrenjrth of current 
affects the rebistance 

If y IS the current in the {galvanometer, the act ual current throuffh 
the battery is .r,, with the key down and a*, with the key iiji, where 

the resistance of the battery is 


o ac \ 


a — 


and the electromotive force of the batterv is 
K = y^4 + c + '^(6 + y)). 

The method of Art 225 for finding' the rcbistancc of the {jnlvii- 
nometer diflcrs fiom this onli in making' and brcakin;' contact 
between O and A inbtead of between O and //, and by cxchaiif'iiif' 
a and ji we obtain for this case 

Mn-Vi — 

y “ y('- + /i) (/< + v)* 


On tho Compannon of K/erfiomo/iie Jorrm 
227*] The follow in^jf mcthoil of conipunnfy the elootromotivc 
fon-es of loltaie and thcrmoelectiic ainiiiffcmcnls, when no ciirieni. 
pasBCb throii^rli them, leqnires only a wt of resistance "oils and u 
constant b.itter>. 

Let the electiomotivc force h of the battcrj' be preater than that 
of either of the electromotors to lx- coni])nrcd, then, if a buffiLient 




El 


II II IMI 

innn* 


Fig SJ 


• [Thu method, u ha» b«n poiatod oot by Profeswir Oliver IjOilge, in not free from 
error on account of the venation of the E M K of the battery, aa the current through 
It la dummahed or increaaed by ridbiug or depreaaing the key ] 

O 2 
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resistance, be interposed between the points Aj, B-^ of the 
primary circuit EBiA^Fj, the electromotive force from B^ to A^ 
may be made equal to that of the electromotor E^. If the elec- 
trodes of this electromotor are now connected with the points 
/Ij, B^ no current will flow through the electromotor. By placing 
a galvanometer G-y in the circmt of the electromotor E^y and 
adjusting the resistance between Ay and il,, till the galvanometer 
G^ indicates no current, we obtain the equation 
El = 7f j C, 

where B^ is the resistance between A^ and B ^ , and C is the strength 
of the current m the primary circmt. 

In the same way, by taking a second electromotor E^ and placing 
its electrodes at A^ and B^, so that no current is indicated by the 
galvanometer 0 , , 

E, = B.C, 

where 7?j, is the resistance between A^ and 7J_, If the observations 
of the galvanometers <?, and are siroultaneous, the value of C, 
the current in the primary circuit, is the same in both equations, 
and we find 

^1 F, B, B,. 

In this way the electromotive force of tw’O electromotors may be 
comjmred*. The absolute electromotive force of an electromotor 
may lie measured either electrostatically by means of the electro- 
meter, or electromagnctieally by means of an absolute gahano- 
meter 

This methoil, in which, at the time of the comparison, there 
is no current through either of the electromotors, is a modification 
of Poggi’ndorfl's method, and is due to Mr Latimer Clark, who 
has deduced the following \ allies of elcctromotii e forces 



Ainalgauiated Zinc HsSO^ 4 aq 

1 oiirpntmted 
of 

Cu SO, 

Copper 

\ 0lt4 

-1079 

11 


H,80, + 12aq 

C'u SO, 

Cojqior 

= 0978 

III 

t, 

+ at] 

C’«2 ;NO ) ( opper 

= 1 00 

Bunttn 1 

,, 

»» «• 

HNO, 

(.'erbon 

= 1964 

IT 

•« 

»» It 

Rp a I d8 

Carbon 

-18S8 

ttiove 


H 5 SOe+ 4 aq 

H NO, 

Platmum 

= 1056 


A VtiJi i* nHtUctiomtithffoieetquaH<»\Oi),0^0,0\)(i vnitso/tkeeeHfvMtrf-ffrauimF- 

uttH 


* f A.uy i>uni1>«r nf batienes mfty be oompared by the help of only one galvaiuwieter 
)f one pole of ea' h battery » connected with the name electrode of the galyanometer, 
the other pol<>^ being connected through eeparate keyi to poinM Ai, A^y &c upon 
the wire and the keys being depreieod o»e at a time but tn rapid lacoeisioii.] 



CHAPTEE XIII, 


ON TIIK KLECTTBIC RESISTANOE OF SUBSTANCES. 

228*] Tiilrf arc threo clatses in which we nmv place dilTcront 
Kuhtitanccs in relation to the pasbage of cleetncitv through them 

The fiiNt el.iba contains all the metals and their alloys, some 
suljihurets, and other ooiujioiindb eoiiUining metals, to which we 
mubt add carbon in the form of gas-coke, and scleniiira in the 
crystalline form 

In all these substances conduction takes jilncc without any 
decomposition, oi alteration of the chemical nature of the substance, 
either in its intciior or where the current enters and leaves the 
bod}’. In all of tliem the resistance increases ns the tcmjicratiirp 
rises. 

The second class consists of siilwfnnees which are called oloetio- 
lyiies, hccuuso the cunent is nssociati‘d with a decomposition of 
the substance into two coiinKinenls which ajipcar at the electrodes. 
As a rule a sub4anee is an eleetroljto only when in the li(|uid 
form, though certain colloid sultstnnces, siii-h as glass at lOOX', 
which are apparonth solid, aie clw-trolyti's It would aiipear from 
the o\peninents of Sir B C Brodie that certain g.-uscs are capable 
of electrolysis by a poweiful clettiomotive foiee 

In all substances which conduct by electrolysis the resistance 
diminishes as the tcinperatuic rises 

The third class consists of siilislanecB the resistance of which is 
BO great that it is only by the most rclined methods that the 
passage of electricity through them can be dcti-ctcd TIiobc arc 
called Dielectrics. To this class lielong a conHidcrable number 
of solid bodies, many of which are electrolytes when melted, some 
liquids, such as turpentine, naphtha, melted paratiin, &e , and all 
g^aaes and vajjours. Caibon in the form of diamond, and sulcninm 
in the amorphous form, belong to this class. 

The resistance of this class of tiodies is enormous comimred with 
that of the metals. It diminishes as the temperature nscs. It 
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18 difficult, on acconnt of the great resistance of these enhstances, 
to determine whether the feeble current which wc can force through 
them is or w not associated with electrolysis. 

On the Electric Retittance of MetaU. 

229* J There is no part of electrical research in which more 
niiineious or more accurate expenmcnis ha\c been made than in 
the determination of the resistance of metals It is of the utmost 
importance in the electric telegraph that the metal of which the 
wires arc made should base the smallest attainable resistance 
Mensureraents of resistance must therefore be made before selecnng 
the materials AVhen any fault occurs in the line, its position is 
iit once a'-ecrtained by measurements of resistance, and these mea- 
suiemcnts, in which so many persons are now emjdoycd, require 
the use of resistance coils, made of metal the ehctricul properties 
of which have been carefully tested 

The clcctncal projicrties of metals and their alloys have been 
studied with great care by MM Matthiessen, Vogt, and Ilockin, 
and bv MM. Siemens, who have done so much to introduce exact 
electrical incuMircments into practical work. 

It appeals from the researches of Dr Matthicsscn, that the effect 
of timpernture on the resistance is nearly the same for a considerable 
niimbtr of the pure metals, the resistance at 100 C being to that 
at 0 C in the ratio of 1 41 1 to 1, or of 1 to 707 For pure iron 
the ratio is 1 01.7, and lor jiure thallium 1 458 

The rcBislance of metals has licen observed by Dr C W Siemens* 
tlimiigh a much wider range of temperature, extending from the 
fiee/ing point to 3.70 C, and in certain cases to 1000 C He finds 
that tho rusistuiito increases as the temperature uses, but that the 
rate of incrensc diminishes us the temjierature nses. The formula, 
which he finds to agree verj closely both with the resistances 
olwcricd at low tcinperatures bi Dr Mattluesscn and with his 
own observations through u range of 1000 C, is 
r = aZ^ + i8r+y, 

where T is the absolute tenijicrnture reckoned from —273'C, and 
a, [i, y are constants Thus, for 


Platinilin r = 0 OSOSCOTt + O 002iril07r-0 241.7, 

(-'opper r= 0 0265772'* + 0 0031443r —0 22751, 

Iron r= 0 0723452’*+ 0 OOSSiasT* —1 23971 

• I'roc B 8, April 27, 1871. 
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Fsrom data of this kind the tem]ierature of a farnnce may be 
determined by means of an observation of the resistance of a 
platinum nire placed in the furnace. 

Dr. Matthiessen found that when two metals are combined to 
form an allor, the resistance of the alloy is in most eases j^reuter 
than that ualculatcd from the resistanee of the component metals 
and their profKirtions In the ease of allovs of (fold and silver, the 
resistance of the alloy is (yreater than that of either jmre gold or 
pure silver, and. within certain limiting projiorlioiis of the eou- 
stitnents, it vanes \cr\ liUlc with a slight alteration of the iiro- 
portions For this rcii'on Pr. Matthiessen recommended an alloy 
of two jiarth by weight of gold and one of silver as a mntenal 
for reproducing the unit of resistance 

The eflcct of ehanirc of teniiH*ratnic on electric resistance is 
generally Ic'^s in ,allo\s than in pure metals 

Hence ordinary resistance coils are made of fierman siKcr, on 
account of its great resistance, and its small \ariatiou with tem- 
jicratuie 

An alloj' of silver and platinum is also used for standard coils 
230*] In the following table Ji is the ri'sistanee in Ohms of a 
column one metre long and one gramme weight at 0 C, and r is 
the resistance in centimetres jicr second of a cube of one centi- 
metre, according to the cNpenmcnts of Matthiessen*. 
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^ponrtc 

^niMtv 

10 r»o 

bald draws 

R 

(I ]08» 

r 

IbOP 

r^rronttign 
liiLnnifiit itf 
s tiasiiii* ftir 

1 ’( 111 ia '1 

0 377 

CopiKir 

8 91 

hard drawn 

0 1465 

Kill 

0 388 

Gold 

19 27 

hard drawn 

U IKW 

21'H 

0 3b5 

Lead 

11 391 

pref)'*ed 

2 257 

iy'47 

0 387 

McTTiiry 

13 W 

liquid 

13 (171 

Ia>i4(i 

0 072 

Gold i, Silver 1 

15 31« 

hard or annealed 

] 6(>8 

KidsS 

0 ObS 

Selenium at 100 0 


( ry9*alUiie form 


0 X 1U« 

100 


It appears from the researches of Matthiessen and Hockin that 
the resistance of a uniform column of mercury of one metre in 
length, and weighing one gramme at 0 C, is IJ 071 Ohms, whence 
it follows that if the 8|)ccific gravity of mercury is 13 595, the 
resistance of a column of one metre in length and one square 
millimetre m section is 0.96110 Ohms. 


* P/.il Hag , M»y, 1865 
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[231* 


On tie Eleetne Eetutanee of HlectTolytet. 

231 ] The meaenrement of the electric resistance of electrolTtes 
is rendered diiBeult on account of the polarization of the electrodes, 
which causes the observed difference of potentials of the metallic 
electrodes to be greater than the electromotive force which actually 
produces the current. 

This difficulty can he overcome in ^anous ways. In certain 
cases we can get rid of jwlarization by using electrodes of proper 
material, as, for instance, zinc electrodes in a solution of sulphate 
of zinc. By making the surface of the electrodes very large com- 
pared with the section of the part of the electrolyte whose resist- 
ance is to be measured, and by using only currents of short duration 
in opposite directions alternately, we can make the measurements 
before any considerable intensity of polarization has been excited 
by the passage of the current 

Finally, by making two diflerent experiments, in one of which 
the jMith of the current through the olcctroljte is much longer than 
in the other, and so adjusting the elcclromotivo force that the 
actual current, and the time during which it flows, are nearly the 
same in each case, we can eliminate the cficct of polarization 
altogether 

232*] In the experiments of Dr Paalzow* the electrodes were 
in the form of large disks jiluced in sciMirale flat vessels filled with 
the electrolyte, and the connexion was made hy means of a long 
siphon lillwl with the electrolyte and dipping into hoth vessels 
Two such siphons of different lengths were used 

The observed resistances of the eleetrolyto in these siphons 
being and If,, the sijihons were next filled with mercuiy, and 
their resistances when filled with mertuxy were found to ^ S/ 
and yf/ 

The ratio of the resistanee of the electrolyte to that of a mass 
of mercury at 0 C of the same form was then found from the 
formula 

To &oiu the valuee of p the resistance of a cenlimette in 


Berlin MonQUbtrichf, July, 1868 
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length having a section of a 8q\uu« centimetre, we must multiply 
them by the value of r for mercury at ©"C (See Art. 230.) 

The results gi>en hj Paalzow arc as follow 


of SvJphurte Aexd and Wator 




lltfiiHtAiice emoMred 
w,ll..u,n:uiT 

H.SO. 


15°C 

90950 

H,SO, s 

14 ITO 

19 C 

14157 

H,SO, + 

13 11 U 

23 C 

13310 

H.SO, + 

499 II*U 

22‘’C 

184773 


t^ulphaU of Zinc and llafrr 


ZnSO, + 

23 ll^O 

23' C 

194400 

ZnSO, + 

24 H 0 

23*« 

191000 

ZnSO, + 

105 . 

23 C 

354000 

Sutphnt*' nf Copper and 


t'uHO, + 

45 110 

22 C 

202410 

CuSO, + 

105 H 0 

2i 0 

339341 

t'ulfhatf of Maijnffwm ami Jl'a/fr 


Mj5SO,+ 

34 H'O 

22 C 

199180 

M({SO, + 

10? H'O 

22 C 

324000 


Ilfftlrodiloi tc 

Aci*l ami If'ater 


11 Cl + 

10 H'O . 


1302C 

11 Cl + 

500 H'O 

23 C 

80O79 


233*] MM F Kohlrau'.eh and IV A NijipoUlt* ha\c de- 
termined the resistance of mixtures of saljdiujie iieid and watoi 
They used alternating magneto-elect rie currents, the eleclroinotue 
force of nhich \aru'd from J to of that of a drove’s cell, and 
by means of a thernwlectnc copjier-iron jiair tliey redue<>d the 
electromotive force to ^ of that of a drove’s cell They found 
that Ohm’s law was apjjlicablc to this electrolyte throughout the 
range of these electromotive lorccs 

The resistance is a minimum in a mixture containing about onc- 
third of sulphuric acid 

The resistance of electrolytes diminishes as the temperature 
increases The percentage increment of conductivity for a nse of 
I'C 18 given in the following tabic 

* I’figj Am cxxxTui, p 2Se, Oct 1889 
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Rei»ta»e 0 oj Mixiuttn 0 / Sulphuric Ae%d and Water at 22°C in Urim 
cf Mercury at 0°O. MM SohlraoBeh and Nippoldt 
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13517 
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501 

17726 
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65 2 

20796 

1 117 

15020 
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25571 
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Oit the Electrical Remtance of Diclecfncs. 

234*] A fjrcat number of doiorminntione of the resistance of 
^nita-jicrcha, and other materials used as insulotinf^ media, in the 
manufacture of tclefrrnphic calilcs, have been made in order to 
ascertain the value of these materials ns msiilators 

The tests are ffenerally applied to the material after it has been 
used to cover the condiictiiifr wiie, the uire being’ used as one 
electrode, and the water of a tank, in whieh the cable is plunged, 
as the other. Thus the current is made to pass through a cylin- 
drical coating of the insulator of greater area and small thickness 
It is found that when the electromotive force begins to act, the 
current, ns indicated by the galvanometer, is by no means eonstant 
The first effect is of course a tiansient current of considerable 
intensity, the total quantitv of electrieity being that recpiired to 
change the surfaces of the insulator with the superticinl distribution 
of oleetricity corresponding to the electromotive force This first 
current therefore is a meu'-ure not of the conductivity, but of the 
cupucitv of the insulating later 

lJut even after this current lia*- been allowed to subside the 
residual current is not constant, and does not indicate the true 
conductinty of the substance. It is found that the current con- 
tinues to decrease for at least half an hour, so that a determination 
of the resistance deduced from the current w ill give a greater value 
if a certain time is allowed to elapse than if taken immediately 
after applying the battery. 
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Thus, 'A'lth Hooper's insulaiinif material the ajijiareut rcsistonce 
at the end of ten minutes was four times, and at the end of 
nineteen hours twenty-three tunes that observed at tho end of 
one minute. When the direction of the clectromotii o force w 
reversed, the resistance falls as low or loner than at first and 
then jifradually nses 

These phenomena seem to be due to a condition of the j^itta- 
peicha, nlneh, foi want of a better name, we may cull poluri/.ution, 
and which wc niav coni]iare on tho one hand witli that of a series 
of Leyden jars ehurffcd by cascade, and, on the other, with Hitter’s 
secondary jiile, 

If a number of Levden jam of {jreat cn)incit.y aie eonneuted in 
series bj nie.iiis of conductors of fjreat rcKislaiice (such us wet 
cotton threads in the expeiinicnts of M. (iuiiffuin), then an eleetio- 
iiiotixe foiee aetiii}' on the smies will jirodiiee a eiirri'iit, as 
indicated b> a fpilvanometoi, which will f'ladually diniiiiish till 
the .nils aie lulh (haifjed 

The aj'pTrent resistance of such a st-ru's will increase, and if the 
dielectiie of the jais- is a jicifect insulator it will incieiise without 
limit. If the electroiuotue foite la‘ removed and connexion made 
between the ends of the senes, a reverse eiirient will be obsorvisl, 
tho total ((uantitv of which, in the ca-c of jicrfi et insulation, will be 
tho same as that of the direct current. Similar elfects are observed 
in tlic case of the secondary pile, with the diflcrencc that the final 
insulation is not so jfood, and that the cajiai ity j>cr unit of surface 
18 iniinenscly fji eater 

In the case of the cable coveieil with jfulta-jieicha, &e, it is 
found that after ajijilyinff the liatteiy for lialf an hour, and then 
conneetinir the wire with the external elictrode. a icversc current 
takes place, which ffoes on for some time, and irradiially leduces 
the system to its original state 

These phenomena are of the same kind with those indicated 
by the ‘residual discharge’ of the Lejiden jar, excejit that the 
amount of the iiolanzation is much greater in gutta-peieha, &c. 
than in glass 

This state of polarization seems to be a directed jiropcrty of tho 
material, which requires for its production not only electromotive 
force, but the jiossage, by displacement or otherwise, of a con- 
siderable quantity of electricity, and this passage n'quircs a con- 
siderable time. 'When the polanz,ed state has been set up, there 
IB an internal electromotive force acting in the substance in the 
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revene direction, which will continue till it has either prodnccd 
a reversed current equal in total quantity to the first, or till the 
state of polanzation has quietly subsided by means of true con* 
duction through the substance. 

The whole theory of what has been called residual discharge, 
absoqition of electricity, clcctnfioition, or polanzation, deserves 
a careful investigation, and will probably lead to important dis- 
covpncs relating to the internal structure of bodies. 

235* 1 The resistance of the greater number of dielectrics di- 
minishes as the temperature rises. 

Thus the resistance of gutta-percha is about twenty times as great 
at O’C us at 24°C. Messrs Bnght and Clark have found that the 
following formula gives results agreeing with their expenments. 
If r IS the resistance of gutta-jiercha at temperature T centigrade, 
then the resistance at temperature 7 *+ 1 will be 
J=rx 0 8878', 

the nunilier vanes between 0 8878 and 0 0. 

Mr. lloekin has vended the curious fact that it is not until some 
hours after the gntta-peicha has taken its temperature that the 
resistance reaches its corresponding value. 

The I'Uect of temperature on the resistance of india-rubber is not 
so great as on that of gutta-percha. 

Hie resistance of giitta-jieieha increases considerably on the ap- 
jilieatiou of jircssnre 

The rcsistanoe, in Ohms, of a cubic metre of vanous specimens of 
gutta-jieri'lui used 111 diflerent cables is us follows* 


Kaiue of i'alilt; 


Red Sea 2G7 x lO'Ho .362 x 10’* 

Malta-Alexaiidria 1 2.3 x 10’* 

Persian Oiilf 180x10’* 

Second Atlantic .. 3 42 x 10'* 


Hixiper B Persian Gulf Core ..74 7 x 10’* 

Gutta-percha at 24‘C 3 53x 10’* 

236*] The following table, calculated from the expenments of 
M. Buirt, shews the resistance of a cubic metre of glass in Ohms 
at dilfenmt temperatures 


* Jenkio’i Can/or Leeium 

t der ChemU uftd Phormae^tf bd xe 857 (1854) ] 
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Temperatnra 

ResuUnee. 

200'’C 

227000 

250° 

13900 

300° 

1480 

350° 

1035 

400° 

735 


237* ] Mr C F A’arley* has recently investjfjated the conditions 
of the current through rarefied gases, and finds that the electro- 
inoti\e force E is equal to a constant A',, together with a part 
depending on tlic enrrent according to Ohm’s Law, thus 
E=E^^EC 

For instance, the electromotive force re<]nire<l to cause the 
current to hegin in a certain tnljc was that of 323 llameU’s cells, 
hut an electromotive force of 304 cells was just suflicient to 
maintain the current The intensity of the current, as mcohured 
by the galvanometer, was jiroportional to the number of cells above 
304. Thus for 305 cells tbe deflexion was 2, for 30(5 it was 1, 
for 307 it was 6, and so on up to 380, or 301 + 70 for which the 
deflexion was 1.50 or 70x1 07 

From these experiments it appears that there is a hind of 
polarization of the electrodes, the electromotive force of which 
IS equal to that of 304 DanieHh cells, and liiat up to this electro- 
motive force the batterv is occupied in establishing this state of 
polarization When the maximum polan/ation is cstnblishcd, the 
excess of electromotive force above that of 304 cells is devoted to 
maintaining the current according to Ohm’s Law 

’The Law of the current m a rarched gas is therefore very similar 
to the law of the current through an electrolyte in which w'c have 
to take accoilnt of the polarization of the electrodes 

In connexion with this subject we should study Thomson’s re- 
sults in which the electromotive force required to produce a sjwrk 
in air was found to he projiortional not to the distance, but to the 
distance together with a constant quantity The ch'ctromotive 
force corresponding to this constant quantit.y may be regarded as 
the intensity of polan/ation of the electrodes. 

238* ] MM Wiedemann and lluhlmann have recentlj t investi- 
gated the passage of eleclncity through gases. The electne current 
was produced by Holtz’s machine, and the discharge took place 

• Pme 11 S, J»n 12, ISTl 
t [Pror. Jl ^ 1 1860, or Bejmnt, clu^) rix ] 
t lienekte der Kouiffl Sack* Ot9^9ehafl, Oct 20, 1871 
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between spherical electrodes within a metallic vessel containing 
rarefied gas. The discharge was m general discontinnons, and the 
interval of time between successive discharges was measured by 
means of a mirror revolving along with the axis of Holtz’s machine 
The images of the series of discharges were observed by means of 
a heliometer with a divided object-glass, which was adjusted till 
one image of each discharge comcidcd with the other image of 
the next discharge. By this method very consistent results were 
obtained. It was found that the quantity of electricity in each 
discharge is independent of the strength of the current and of 
the material of the electrodes, and that it depends on the nature 
and density of the gas, and on the distance and form of the 
electrodes. 

These researches confirm the statement of Faraday* that the 
electric tenMon (!.ee Art. 46) rcqiured to cause a disruptive discharge 
to begin at the electrified surface of a conductor is a little less 
when Ihc electrification is negative than nhen it is positive, but 
that when a discharge does take place, much more electricity passes 
at each discharge when it begins at a positive surface. They also 
tend to su])])ort the hypothesis, that the stratum of gas condensed 
on the surfiico of the electrode plays an important part in the 
phenomenon, and they indicate that this condensation is greatest 
at the jiositive electrode. 

AVc on WheaUloHe » Bridge 

[The following method of determining the current in the Gal- 
vanometer of tv heat Slone's Bridge was given hy Piofessor lilaxwcll 
in his last course of lectures, and is a good illustration of the method 
of treating a s> stem of linear conductors. It has been communicated 
to the ]>rc'cnt editor by Professor J A Fleming of T’^niversity 
College, Nottingham The methoil simjily assumes Ohm’s Law for 
each conductor, and that the whole electromotive force around a 
linear circuit is the sum of the electromotive forces in the several 
conductors forming the circuits, and therefore eijual to the sum of 
the products of the resistance of each conductor and the current 
flowing in it, the currents licing taken in cjchc order. 

Let 1’, Q, S, J}, G and B (Fig. 53) denote the resistances in the 
several conductors forming the bridge, and let them be arranged os 
indicated in the figure Now the six conductors may be considered 


Erp Jti« , uoi. 



Wheatstone's bridge. 
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as fonning three independent circuits viz : — PGQ, BSG, and QSB 
Let X + jr, and r denote the currents in these circuits respectively, 
each current being considered us flowing in tlie directions indicated 
by the arrows Then the actual current in Q is r - * —y, that in 
S IS z—y and that in G, is x, and the e1eetronioti\e force between 



I'lg 53 

the ends of is {: — y~^) and so on for the other conductors. 
Of the throe circuits siiocificd alsive the E M E in the first two is 
zero while that in ttie third is A’, the electromotive force of the 
battery lloncc, appljing Ohm’s Law to eccli circuit in order wc 
have 

{r+(nQ)r+y-Gy-Qz =o) 

lll+S+(,)y -Sz-Gx + v=o\ (I) 

((2+*S’+if)r —Sy~Q,r-\-y=h) 

01 

{P+a+Q)x^{P+Q)y-Qz=0 ) 

-Gx +(R + S)y-Sz = 0 [ .. (II) 

— Qx — (a + Q)y + {(l + S + ]))z = h ) 

Soh ing for awe obtain 

\pVq, -q\ 
j, - ‘‘An + 

~ A 

where A is the determinant of the system of equations (II). 

The condition for no current in the galvanometer is a; = 0, or 

P R 
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To obtain the cuirent equations, (I), the rule is — 

' Multiply each cycle sign (i. a. cuirent) by the sum of all the 
resistances which bound that cycle, and subtract from it the sign 
of each neigh bounng cycle multiplied by the resistance separating 
the cvcles, and equate the result to the E. M. F. in the cycle ’ 

It will be seen that the method is a simple application of 
KirchhoiT’s second law, but the above rule is very convenient 
in its application ] 


THF END 
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